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ABSTRACT 
 
This thesis is based on six studies which address questions around the use of accelerometers 
to measure physical activity and sedentary behaviour of pre-school children: are shorter 
epochs more accurate?  Which epochs are most accurate?  Are there advantages to using 
triaxial accelerometers?  Which cut-points are most accurate?  Are different generations of 
Actigraph accelerometers comparable?  What is the recommended wear time to provide a 
reliable estimate of habitual physical activity and sedentary behaviour?  
 
Analysis of 7-10 day accelerometry data, collected from 31 pre-school children (mean (SD) 
age 5.9 (0.7) y), suggests that shorter epochs (15 s) result in significantly greater estimates of 
time spent in moderate-to-vigorous physical activity (MVPA) in comparison to 60-s epochs 
(p <0.05).  When compared against a direct observation method, Children’s Activity Rating 
Scale (CARS), with 32 pre-school children (4.4 (0.8) y) during 1 hour of free-play, 15-s 
epochs were more accurate than 60-s epochs.  Comparison of the triaxial RT3 against a 
uniaxial accelerometer, suggests no advantage of the RT3 accelerometer.  The Puyau et al. 
(2002) cut-points had the ‘best’ agreement with estimates of sedentary behaviour, light 
intensity and MVPA against the CARS.  Different generations of accelerometers were not 
comparable, however, application of a correction factor to the GT1M data (7164 = 
GT1M/0.91) may improve comparability of total physical activity.  Finally, analysis of 7 day 
accelerometry data from 112 pre-school children (3.7 (0.7) y) suggests that 3 days of 7 hours 
provides a reliable estimate of habitual physical activity and that inclusion of weekend days 
is not necessary.  
 
This thesis highlights the implications that methodological decisions can have over apparent 
estimates of physical activity and sedentary behaviour and has made recommendations for 
accelerometry use.  Ideally, there needs to be a move towards consensus, as, only by 
adopting standardised approaches to accelerometry use, will comparison between study 
outcomes become meaningful. 
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 : GENERAL INTRODUCTION AND LITERATURE REVIEW CHAPTER 1
 
1.1 INTRODUCTION 
The focus of this thesis is to address methodological questions relating to the accurate use of 
accelerometers in objectively measuring free-play in pre-school children. The purpose of this 
chapter is: 
 To introduce the key terms used within the thesis;  
 To outline the background for the thesis; 
 To critically review the literature relating to measurement of physical activity; 
 To provide a rationale for the thesis by identifying the key methodological 
questions relating to accelerometry use in pre-school children on which the thesis is 
based; 
 To outline the structure of the thesis; 
 To state the aims of the thesis. 
 
1.2 SEARCH STRATEGIES 
To identify relevant literature, a search was carried out using MEDLINE, EMBASE, 
CINHAL, and SPORTDiscuss databases, from 1985 to 2012, using the key words: ‘young 
child’ or ‘pre*school*’ or ‘nursery’ or ‘kindergar*’ or ‘early childhood’ in combination with 
‘physical activity’ or ‘movement’ or ‘sedentary behav* or ‘play’.  For the second section on 
the background to the thesis the search was limited to studies between 1992 to 2012 and used 
the above search terms in combination with ‘measure*’ or ‘direct observation’ or ‘doubly 
labeled water’ or ‘DLW’ or ‘calirometry’ or ‘heart rate’ or ‘pedomet*’ or ‘acceleromet*’.  In 
the final section on measurement of physical activity the previous search terms were used in 
combination with the terms ‘validity’ or ‘reliability’ or ‘calibration’ to identify appropriate 
studies. 
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1.3 DEFINITION OF KEY TERMS  
1.3.1 Definition of physical activity, sedentary behaviour, exercise and fitness in young 
children 
The terms ‘physical activity’, ‘exercise’ and ‘fitness’ are often used interchangeably, 
however, these are distinct constructs.  One of the earliest and most frequently cited 
definitions of physical activity is by Caspersen et al. (1985): 
 
Physical activity is defined as any bodily movement produced by skeletal muscles 
which results in energy expenditure (Caspersen et al. 1985, p. 126). 
 
Physical activity is a complex multi-dimensional behaviour, which is often categorised and 
measured using the variables frequency, intensity, duration and type (Valanou et al. 2006).  
The type of physical activity relates to the activity behaviour, such as walking, sitting, 
standing or lying.  The duration and frequency of physical activity can be measured by time 
and number of bouts of physical activity over a period of time respectively, while intensity 
can be measured by level of effort or rate of energy expenditure (EE) (Department of Health, 
Physical Activity, Health Improvement and Protection 2011).   
 
When intensity of physical activity is expressed in terms of rates of energy expenditure (EE) 
it is in the form of metabolic equivalent units (METs).  The MET values are based on 
multiples of resting metabolic rate (RMR) which can be estimated or measured directly 
(Ridley and Olds 2008).  One MET is the energy cost measured by baseline oxygen 
consumption (VO2), which for adults is taken to be 3.5 ml∙kg
-1∙min-1 (Ridley and Olds 2008).  
For children it is more complex as their RMR is substantially higher than adults and varies 
according to the child’s age, sex, body mass and pubertal status (Harrell et al. 2005; Ridley 
and Olds 2008).  It is estimated that at 5 years of age the RMR for children is as high as 
approximately 6 ml∙kg-1∙min-1 and declines to adult levels by 18 years of age (Schofield 
1985).  As a consequence, adult baseline RMR values are not suitable for estimating MET 
values for children (Ridley and Olds 2008).   
 
Conventionally, the intensity of physical activity is categorised into light, moderate and 
vigorous.  Moderate and vigorous intensity physical activities are often grouped together into 
one category of moderate-to-vigorous intensity physical activity (MVPA). The American 
College of Sports Medicine for Physical Activity have defined adult MET thresholds which 
relate to different intensities of physical activity.  These are: 1.5 to < 3 METs for light 
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intensity physical activity (LPA); 3 to < 6 METs for MVPA; 6 to 9 METs for hard intensity 
physical activity and > 9 METs for very hard intensity physical activity (Freedson et al. 
1998; Hendelman et al. 2000; Swartz et al. 2000). 
 
Light intensity physical activity usually refers to activities such as slow walking, while 
moderate intensity physical activity will raise the heart rate and leaves a person feeling out of 
breath, and includes activities such as brisk walking (Cavill et al. 2006).  Vigorous intensity 
physical activity includes activities such as running (Freedson et al. 1998; Kozey et al. 
2010a).  However, estimating MET values for children is not straightforward as their energy 
cost for undertaking activities is higher than adults, possibly due to developmental reasons, 
for example having less efficient gait patterns or faster respiration rates (Rowland and Green 
1988).  Ridley et al. (2008) has synthesised the evidence relating to energy costs for a range 
of activities for school-aged children and adolescents (6 to 18 y).  However, there is limited 
evidence of the appropriate MET values for use with young children.  
 
It should be noted that while energy expenditure (EE) results from bodily movement, 
physical activity is only one factor which contributes to EE (Oliver et al. 2007b).  An 
individual’s total energy expenditure (TEE) has three components: resting energy 
expenditure (REE), diet-induced thermogenesis (DIT) and activity energy expenditure 
(AEE) (Muller and Bosy-Westphal 2003).  AEE is the most variable component of TEE 
(Westerterp and Kester 2003).  REE is influenced by an individual’s RMR which is the 
minimal energy expenditure required to fuel basic physiological functions (e.g. heartbeat, 
respiration, muscle contractions) (Goran and Treuth 2001).  RMR is variable between 
individuals with 80-90% of the variation accounted for by differences in an individual’s 
organ and muscle mass, known as fat free mass (FFM), their fat mass, age, gender, ethnicity 
and level of physical activity (Goran and Treuth 2001; Kozey-Keadle et al. 2010).  In 
summary, EE is a complex variable determined by a variety of factors such that two 
individuals may expend different amounts of energy for the same physical activity 
depending on their individual physical and physiological characteristics.   
 
Sedentary behaviour is argued to be a separate behavioural construct from physical activity 
with different determinants and the two constructs should not be regarded as opposite sides 
of the same coin (Pate et al. 2011).  Sedentary behaviour is not simply the absence of 
physical activity but predominantly involves sitting and lying down activities (Pate et al. 
2008).  
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The term sedentary behaviour has been defined as a behaviour that produces no movement 
and which results in minimal (or no) physiological gain (Pettee Gabriel et al. 2012).  It has 
also been used to refer to situations where there is no trunk translocation or energy 
expenditure is less than 1.5 METs (Martin et al. 2011).  The most recent definition states that 
sedentary behaviour is any waking activity which involves energy expenditure of less than or 
equal to 1.5 METs and which is undertaken in a seated or reclined position (Sedentary 
Behaviour Network, 2012).   
 
Exercise is described as a sub-category of physical activity and is defined as:  
 
…a subset of physical activity that is planned, structured and repetitive and has a final 
or an intermediate objective the improvement or maintenance of physical fitness. 
(Caspersen et al. 1985, p. 126)  
 
As a consequence physical activity is defined as being ‘exercise’ when the intention is to 
maintain or promote fitness (Trost 2001).  
 
Physical fitness is defined as ‘a set of attributes that are either health- or skill-related’ 
(Caspersen et al. 1985, p. 126).  While physical activity and exercise relate to the movements 
undertaken by the body, fitness is a state characterised by certain traits and associated with 
factors such as low risk of premature development of chronic disease (Baranowski et al. 
1992).  Physical activity and exercise are the processes that may assist in attaining an 
outcome of physical fitness (Rice and Howell 2000).  
 
Bar-Or and Malina (1995) argue that in young children the focus should be on developing 
motor skills rather than ‘fitness’ and only once children have achieved motor proficiency 
(around the age of 10 years) should fitness begin to be emphasised.  
 
Recently there have been calls to establish more precise terminology around the constructs of 
physical activity as this is fundamental for consistency of interpretation when measuring 
physical activity (Pettee Gabriel et al. 2012).  Pettee Gabriel et al. (2012) revisited the earlier 
Caspersen et al. (1985) definitions to propose a conceptual framework for physical activity.  
The framework (Figure 1.1) takes into account sedentary behaviour and differentiates 
between the behavioural and physiological elements of human movement.  Pettee Gabriel 
(2012) defined physical activity as:  
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behavior that involves human movement, resulting in physiological attributes 
including increased energy expenditure and improved physical fitness. (Pettee 
Gabriel et al. 2012, p. S15) 
 
Figure 1.1 presents the conceptual framework for physical activity proposed by Pettee 
Gabriel et al. (2012) 
 
Figure 1.1: Conceptual framework for physical activity. 
 
This thesis will focus on the use of accelerometers to accurately quantify the behavioural 
elements of physical activity i.e. the intensity, duration and frequency of physical activity 
and the frequency and duration of sedentary behaviour. 
 
1.3.2 Definition of free-play 
Unstructured active play is argued as being the principle mode of physical activity in young 
children (Dwyer et al. 2009) and much of the research into younger children’s physical 
activity make use of the term ‘play’.  Play can be defined as: 
 
…spontaneous activity in which children engage to amuse and occupy themselves 
(Burdette and Whitaker 2005, p. 46). 
 
Burdette and Whitaker (2005) reason that ‘play’ is a more appropriate term to use in the 
promotion of movement in young children whose physical activity patterns are different 
from older children.  It has been argued that while ‘play’ can appear to be ‘purposeless’ it 
has an important role in functionality not only for physical development but for the 
development of cognitive and social skills (Burdette and Whitaker 2005; Pellegrini and 
 6 
 
Smith 1998).  This is in contrast to ‘exercise’, which is structured activity that is repetitive 
and purposeful (Caspersen et al. 1985) and tends to be adopted in older children and adults. 
 
Pellegrini and Smith (1998) use the term ‘physical activity play’ which they argue has the 
distinguishing features of physical activity which is undertaken in a playful context at an 
intensity where metabolic activity is well above resting levels, i.e. at moderate-to-vigorous 
levels of intensity.  In contrast, Timmons et al. (2007) argue that ‘physical activity play’ can 
be undertaken at various levels of intensity.  Findings of observational research of young 
children supports the idea that young children’s physical activity behaviour is characterised 
by varying intensity, where short bursts of high intensity activity are interspersed with longer 
periods of low intensity activity and rest (Bailey et al. 1995; Oliver et al. 2009). 
 
In young children, physical activity is achieved predominantly through active play and this 
becomes less so in school-aged children (Dwyer et al. 2009).  According to Dwyer et al. 
(2009) if physical activity is to be understood, promoted and measured in young children 
then this needs to be within the context of active play. 
 
In the USA, one of the first nationally published guidelines for young children’s physical 
activity, the Active Start Guidelines from the National Association for Sports and Physical 
Education (NASPE), state that: 
 
Preschoolers should accumulate at least 60 minutes of structured and at least 60 
minutes and up to several hours of unstructured physical activity per day. (National 
Association for Sport and Physical Education 2002, p. 9) 
 
 
In these guidelines ‘structured’ activity refers to organised and planned movement 
experiences to help children develop fundamental movement skills (FMS).  Unstructured 
activity refers to the intermittent movement experiences that may occur through ‘free-play’. 
FMS represent the basic performance competencies that underlie and are required for 
carrying out complex motor skills involved in different types of physical activity (Payne and 
Isaacs 1995).  There are two categories of FMS: locomotor skills (e.g. run, hop and jump) 
and object-control skills (e.g. catch, throw and kick) (Cliff et al. 2009a). 
 
In the current thesis the term ‘free-play’ is used to refer to unstructured physical activity 
play, which is child-led and includes all intensities of physical activity.  As the current thesis 
focuses on the accuracy of accelerometers to measure free-play, this refers to physical 
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activity which involves exercise play and rough and tumble play, as opposed to ‘games’, 
such as football or tennis, which more applies to the type of structured play undertaken by 
older children (Pellegrini 2010). 
 
1.3.3 Definition of pre-school children 
The terms ‘young children’, ‘pre-school’, ‘early childhood’ and ‘early years’ are used 
interchangeably in the literature to refer to children less than 5 years of age (Oliver et al. 
2007b).  The ‘early years’ are defined as being from birth to 5 years of age and include three 
developmental stages, each with distinctive physical activity patterns (Cliff et al. 2009a).  
‘Infant stage’ is described as from birth to 12 months during which the child develops basic 
motor skills.  ‘Toddler stage’ is from 1 to 3 years, where the child develops locomotor skills, 
such as jumping, hopping, skipping and running as well as object control through kicking 
and catching a ball.  Finally, pre-school age, from 3 to 5 years of age, is characterised by 
further progression of the locomotor and object-control skills developed during the toddler 
stage (Cliff et al. 2009a).  This thesis is concerned with children in the pre-school period 
between the ages of 3 to 5 years, who will also be referred to as young children. 
 
1.3.4 Summary 
The key points from this section are: 
 Physical activity and sedentary behaviour are different behavioural constructs; 
 Physical activity can be considered as a behaviour which has dimensions of type, 
intensity, frequency and duration;   
 Energy expenditure, which is a physiological response to physical activity, is also a 
different construct from physical activity;  
 Energy expenditure is a complex variable and use of MET values to estimate intensity of 
physical activity in young children is not straightforward; 
 In this thesis the term pre-school will refer to children aged 3 to 5 years of age and 
free-play will refer to the unstructured, intermittent free-living activity believed to be 
typical of young children.  
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1.4 BACKGROUND TO CURRENT THESIS 
1.4.1 Physical activity and health 
Studies to date have reported low and declining levels of physical activity (Basterfield et al. 
2011) and high levels of sedentary behaviour in young children (Hinkley et al. 2012c; Kelly 
et al. 2007).  These reports are of concern as low levels of physical activity and increased 
time spent in sedentary behaviour in children have been linked to chronic adult disease risk 
factors including cardiovascular risk factors (Andersen et al. 2006; Janssen and LeBlanc 
2010; Strong et al. 2005; Tremblay et al. 2011), increased adiposity in childhood (Steele et 
al. 2009) as well as being independent risk factors for metabolic syndrome (MeS) (Brage et 
al. 2004a; Ekelund et al. 2006; Ekelund et al. 2009).  MeS refers to the clustering of risk 
factors for coronary heart disease, stroke and type II diabetes (Lambourne and Donnelly 
2011).  Furthermore it is argued that the risk factors for chronic disease and MeS as a 
consequence of sedentary lifestyles may be present in young children (Saakslahti et al. 2004; 
Sirard and Pate 2001).  Declining levels of physical activity have also been attributed to the 
dramatic increase in childhood obesity in the UK since the 1980s (Parsons et al. 1999) and 
while levels of obesity in child and adult populations have plateaued in recent years, it is 
maintained that resolving the childhood obesity ‘epidemic’ should remain a public health 
priority (Rokholm et al. 2010). 
 
It is argued that as physical activity is one of the modifiable risk factors for MeS, that 
prevention should not only target childhood obesity but also aim to promote physical activity 
(Ekelund et al. 2009).  Although not strong, there is some evidence to suggest that increasing 
physical activity levels in children could reduce the risk of chronic disease by improving a 
child’s cardio-metabolic profile (Janssen and LeBlanc 2010).  In addition increasing physical 
activity may contribute to the prevention of obesity in young children (Guinhouya et al. 
2011) as well as enhancing bone health for young children from engagement in high 
intensity physical activity (Janz et al. 2010).  
 
The pre-school period (3 to 5 years of age) is argued to be one of the critical periods of 
childhood during which the long term regulation of energy balance may be programmed 
(Dietz 1997).  This, together with the fact that lifestyle behaviours are thought to track from 
pre-school to childhood, and subsequently into adulthood (Biddle et al. 2010; Malina 1996) 
means that the early years may be a critical time for promoting physical activity and 
preventing sedentary habits developing (Goldfield et al. 2012).  
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However, the relationship between physical activity, sedentary behaviour and health in the 
early years is not fully understood and there is a call for more robust studies to explore these 
relationships and to determine whether strategies for increasing physical activity could lead 
to improved health indicators (Guinhouya et al. 2011).  In addition, there is limited evidence 
for the frequency, duration, intensity and type of physical activity which is associated with 
health indicators, or which is necessary for health gain in young children, and further 
research is needed (Timmons et al. 2012). 
 
Critical to the research which seeks to gain further insight into the relationship between 
physical activity, sedentary behaviour and health in the early years, is accurate methods of 
measuring the constructs of physical activity.  In addition, agreement on the approaches to 
measuring physical activity will allow better understanding of these relationships (Timmons 
et al. 2012).   
 
There are a few studies to date which have gathered population-based objective data 
describing levels and patterns of physical activity and sedentary behaviour in young children 
(Riddoch et al. 2007).  The studies which have been conducted suggest that pre-school 
children exhibit high levels of sedentary behaviour (Hinkley et al. 2012c; Jackson et al. 
2003) with low levels of MVPA and with only a small number of studies suggesting 
pre-school children are reaching recommended levels of physical activity per day (Cardon 
and Bourdeaudhuij 2008).  However, the accuracy of population-based studies has been 
called into question; either for their use of methods or their interpretation of findings in such 
a way which may not accurately capture the physical activity and sedentary behaviour of 
young children (Rowlands and Eston 2007). 
 
There has been much debate in the literature into whether young children are sufficiently 
active for health (Tucker 2008) and conflicting conclusions have been reached.  The 
following section will outline physical activity recommendations and those for sedentary 
behaviour and will review the evidence as to whether young children are meeting 
recommendations for health. 
 
1.4.2 Recommendations and guidelines 
In this section the terms ‘guidelines’ and ‘recommendations’ will be used interchangeably to 
refer to the advice on physical activity necessary for health gain.  It is only in relatively 
recent years that physical activity guidelines have been developed for children, as it was 
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previously assumed that children were sufficiently active and therefore guidelines were not 
required (Katzmarzyk and Ardern 2004).  Prior to 2009, the USA was the only country to 
have developed guidelines specific to younger children (3 to 5 years) (National Association 
for Sport and Physical Education 2002).  Until 2011, the Scottish guidelines for children’s 
physical activity were applied to all ages groups of children (3 to 18 years) (Scottish 
Executive 2003).  In recent years the need for age-specific guidelines were felt to be 
important given the physiological and developmental differences between children of 
different age groups e.g. between toddlers, pre-schoolers, school-aged children and 
adolescents (Skouteris et al. 2012).   
 
In 2011, specific guidelines for younger children were jointly published by the health 
departments for Scotland, England, Wales and Northern Ireland (Department of Health, 
Physical Activity, Health Improvement and Protection 2011).  These recommendations were 
based on the ‘best’ evidence to date, although as discussed earlier, the evidence of the exact 
dose-response relationship between physical activity and health in the pre-school population 
is limited (Timmons et al. 2012).  There are now four countries; United Kingdom, USA, 
Australia and Canada, that have published specific recommendations for the pre-school age-
group.  Guidelines for sedentary behaviour have also been published.  The recommendations 
for physical activity are outlined in Table 1.1 and in Table 1.2.  These tables summarise 
physical activity and sedentary behaviour recommendations which were used for young 
children and published prior to 2009 (Table 1.1) and those published between 2009 and 2012 
(Table 1.2).  
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Table 1.1: Physical activity guidelines/recommendations for children by country prior to 2009. 
Country Organisation Physical Activity Sedentary Behaviour Specific 
to young 
children? 
UK Scottish Executive (2003) Children should accumulate ≥ 60 min/day of MVPA.  NA No 
UK Health Education Authority 
(Biddle et al. 1998) 
60 min/day of at least moderate intensity activity, or, 
for those doing little activity currently, at least 30 min 
of at least moderate intensity activity, plus activities to 
enhance muscular strength, flexibility and bone health 
at least 2 times/week. 
NA No 
USA National Association for Sport 
and Physical Education (2002)
 
Children (3 - 5 y) should accumulate at least ≥ 60 
min/day of structured and at least ≥ 60 min/day and up 
to several hours per day of unstructured activity (i.e. 
≥120 min/day of total physical activity). 
Should not be sedentary for more than 60 min 
at a time, except when sleeping. 
Yes 
American Academy of 
Pediatrics (2006) 
Pre-school aged children (4 - 6 y) free-play should be 
encouraged with emphasis on fun. 
Reduce sedentary time spent in transport (car) 
or stroller, and no more than 2 hour/day screen 
time.
 
Yes 
Australia Australian Department of 
Health and Aging (Department 
of Health and Ageing 1999; 
Pate et al. 1999) 
30 min/day of moderate activity on most, preferably all 
days of the week, plus vigorous exercise for 30 
min/day 3 - 4 times/week. 
NA No 
Canada Health Canada (2002) Children and youths should increase the time they 
currently engage in moderate or vigorous physical 
activity by at least 30 min/day
 
(in periods of 5-10 min) 
progressing to ≥ 90 min/day or more of increasing 
vigorous physical activity. 
Decrease time spent in sedentary activity 
(television, video games, internet) by at least 
30 min/day, eventually decreasing by ≥ 90 
min/day the amount of time spent daily on 
these activities. 
No 
MVPA: moderate-to-vigorous physical activity; NA: not available. 
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Table 1.2: Physical activity guidelines/ recommendations for young children by country 2009-2012. 
Country Author Physical Activity Sedentary Behaviour Specific 
to young 
children? 
Australia Australian Government 
Department of Health and 
Aging (2009)  
Pre-schoolers (3 - 5 y) should be physically active every 
day for at least 3 hour/day spread throughout the day.  This 
can include light activity like standing up and moving 
around and playing as well as more vigorous activity like 
running and jumping. 
Should not be sedentary, restrained, or kept 
inactive for more than 1 hour at a time, with 
the exception of sleeping.  No more than 1 
hour/day screen time. 
Yes 
Canada Canadian Society for 
exercise physiology (2012) 
Pre-schoolers (3 - 4 y) should accumulate at least 180 
min/day of physical activity at any intensity spread 
throughout the day.  Include a variety of activities in 
different environments, activities that develop movement 
skills; progression toward at least 60 min/day of energetic 
play by 5 years of age. 
Minimise time pre-schoolers (3 - 4 y) spend 
being sedentary during waking hours. This 
includes prolonged sitting or being restrained 
(e.g. stroller, high chair) for more than 1 hour. 
For children 2 - 4 y, screen time should be 
limited to 1 hour/day; less is better. 
Yes 
UK Department of Health, 
Physical Activity, Health 
Improvement and 
Protection (2011) 
Children of pre-school age (under 5’s who are capable of 
walking unaided who have not started school) should be 
physically active daily for at least 180 min/day 
(3 hour/day), spread throughout the day.  
Minimise amount of time being sedentary 
(being restrained or sitting) for extended 
periods (except time for sleeping). 
Yes 
USA National Association for 
Sport and Physical 
Education (2009)
 
1
Children (0 - 5 y) should accumulate at least 60 min/day of 
structured and several hours of unstructured activity per 
day. 
 
Should not be sedentary for more than 60 min 
at a time, except when sleeping. 
Yes 
Institute of Medicine and 
National Academies(2011) 
Child care providers should provide opportunities for 
children to be physically active during the day. 15 min/hour 
of light, moderate and vigorous activity in childcare. 
Community and built environment should promote PA.
 
Child care providers should limit time pre-
schoolers spent in sitting and standing still to 
< 30 min at a time.
 
Yes 
Ireland Department of Health and 
Children (2009) 
Children (2 - 18 y) should accumulate at least 60 min/day of 
MVPA, including muscle strengthening, flexibility and 
bone strengthening exercises 3 times a week. 
NA No  
MVPA: Moderate-to-vigorous activity; NA: not available.
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1.4.3 Levels of physical activity and sedentary behaviour in pre-school children 
The recent UK recommendations state that pre-school children should undertake 180 
minutes (3 hours) of daily physical activity which should include both light and energetic 
activities, such as running, swimming and skipping (Department of Health, Physical 
Activity, Health Improvement and Protection 2011).  The focus of these guidelines is for 
young children to achieve a daily amount of physical activity rather than being concerned 
with the intensity of that physical activity (Department of Health, Physical Activity, Health 
Improvement and Protection 2011).  Since 2011, the UK guidance has also included 
recommendations for sedentary behaviour for young children.  While the UK 
recommendations state that sedentary time should be minimised, the Australian, Canadian 
and USA recommendation set specific time guidance for sedentary time and for TV or 
screen time (Australian Government, Department of Health and Ageing 2009; Canadian 
Society of Exercise Physiology 2012; National Association for Sport and Physical Education 
2009; National Institute for Health and Clinical Excellence 2009). 
 
Prior to 2011, the physical activity guidelines in Scotland were for children of all ages to 
engage in at least 60 minutes of moderate-to-vigorous activity (MVPA) per day (Biddle et al. 
1998; Scottish Executive 2003).  While the recent UK guidelines have shifted the focus away 
from a concern with intensity of physical activity, MVPA is still an essential behaviour for 
health in the pre-school years.  In particular MVPA is important for young children for the 
development of cardiorespiratory systems, for bone health (Janz et al. 2010; Saakslahti et al. 
2004) and for influencing obesity risk (Lanigan et al. 2010).  Recent research of slightly 
older children (7 to 9 year olds) suggests that MVPA may be the most valuable behavioural 
target for obesity prevention (Basterfield et al. 2012).  
 
To review whether young children are meeting recommendations for health Appendix I 
(Appendix Table I.i) presents a summary of empirical studies published between 1992 and 
2012 that have measured ‘habitual’ physical activity and sedentary behaviour in pre-school 
children.  The studies reviewed have made use of a range of subjective and objective 
approaches to measuring physical activity and sedentary behaviour.  The merit of these 
approaches for use with pre-school children will be discussed in detail in section 1.5 of this 
chapter.  To reflect ‘typical’ or ‘habitual’ physical activity of pre-schoolers those studies 
which only included part of a day e.g. only time spent in or out of nursery/pre-school were 
excluded.  
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For each of the studies reported in Appendix I (Appendix Table I.i) it has been noted in the 
final column whether it is ‘likely’ that the majority of participants of the study were 
sufficiently active (i.e. meeting the earlier recommendations of ≥ 60 min/day of MVPA or ≥ 
180 min/day of total physical activity) or engaging in more than 60 or 120 min/day of screen 
time, based on the mean values reported.  Given that the raw data for subjects were not 
available in many studies the mean had to be used and therefore it is an approximation of 
whether targets are being reached (Tucker 2008).  Some studies report the mean percentage 
of time spent in each activity rather than minutes per day.  This has been extrapolated using 
the mean hours per day (if stated) or using the threshold of more than 7.1% of total time in 
MVPA, which corresponds to more than 60 minutes over a 14-hour day or more than 21.4% 
of total physical activity in total time, which corresponds to more than 180 minutes over a 
14-hour day. These are conservative estimates given that many studies made use of the 
criteria of 6 hours of activity per day with a mean wear time reported being close to 10 
hours.  
 
A total of 72 studies (published between 1992 and 2012) representing 20,942 participants 
from 17 countries were reviewed. Of these studies the majority were conducted in the USA 
(n = 27), with the second most frequently being conducted in Scotland (n = 10) and Australia 
(n = 10).  Physical activity was measured by accelerometers in 60 (83%) of studies and of 
these 46 (77%) made use of the Actigraph (Fort Walton Beach, FL, USA) uniaxial 
accelerometers.  The remaining studies used other models of accelerometer (n = 15), direct 
observation (n = 4), pedometry (n = 3), questionnaires/proxy report (n = 3) or heart rate 
monitoring (n = 4) to measure physical activity. 
 
Forty-four (61%) of the studies reviewed provide information on whether pre-school 
children accumulated 60 minutes of MVPA per day.  The finding of just under half of the 
studies (n = 20, 45%) suggest that pre-school children achieve considerably less than 60 
minutes per day (Alhassan et al. 2007; Cardon and Bourdeaudhuij 2008; Cardon and De 
Bourdeaudhuij 2007; Cliff et al. 2009a; Dolinsky et al. 2011; Fisher et al. 2005a; Fisher et al. 
2005b; Hinkley et al. 2012c; Janz et al. 2010; Kelly et al. 2005; Kelly et al. 2006; Kelly et al. 
2007; Montgomery et al. 2004; O'Dwyer et al. 2011; Reilly et al. 2004; Reilly et al. 2006b; 
Spittaels et al. 2012; Taylor et al. 2009; Van Cauwenberghe et al. 2012; Wen et al. 2010).  
This is supported by the findings of a meta-analysis of pooled data from 14 studies involving 
20,871 children (4 - 18 y) undertaken by Ekelund et al. (2012).  In their study Ekelund et al. 
(2012) found that children accumulated a mean (SD) of 30 (21) min/day of MVPA.  
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However, in contrast 20 studies reviewed reported that pre-school children undertake more 
than 60 min/day of MVPA (Cliff et al. 2011; Collings et al. 2013; Cox et al. 2012; Duncan et 
al. 2008; Finn and Ullmann 2004; Gabel et al. 2011; Heelan and Eisenmann 2006; Hume et 
al. 2012; Jago et al. 2005; Janz et al. 2002; Janz et al. 2004; Martinez-Gomez et al. 2009; 
Metallinos-Katsaras et al. 2007; Obeid et al. 2011; Pfeiffer et al. 2009; Sarzynski et al. 2010; 
Sigmund et al. 2009; Tanaka and Tanaka 2009; Telford et al. 2005; Vale et al. 2010; 
Williams et al. 2008).  One study reported that children achieved 60 min/day during the 
weekdays but not at weekends. (Denham-Deal 2005).  Another study reported that children 
appear to be either meeting or not meeting the recommendations depending on how the data 
were analysed (Beets et al. 2011a). 
 
Eleven studies have explored whether children engaged in more than the recommended  
screen time outlined in the guidance for Australia, Canada and USA (American Academy of 
Pediatrics 2001; Australian Government, Department of Health and Ageing 2009; Canadian 
Society of Exercise Physiology 2012).  Again there were mixed findings with children 
reported to being exposed to more than the recommended ≥ 2 hours of screen time per day in 
five studies (Hume et al. 2012) or having less than 2 hours of screen time in five studies 
(Hinkley et al. 2012c; Taylor et al. 2009).  In the further study there were mixed findings on 
the amount of screen time depending on the nationality of the parents (Bürgi et al. 2010).  In 
these studies the data collected on the child’s screen time relied on proxy reporting by 
parents which, as a method, is limited by subjectivity and the risk of bias as a consequence of 
parents providing socially desirable responses (Bringolf-Isler et al. 2012).  The limitations of 
proxy reporting will be considered further in section 1.5.2.  While some of the guidelines 
refer to children not being sedentary for more than 1 hour at a time (Australian Government, 
Department of Health and Ageing 2009; Canadian Society of Exercise Physiology 2012; 
National Association for Sport and Physical Education 2009) or for 30 minutes while in care 
(Institute of Medicine of the National Academies 2011) the studies have reported on total 
sedentary time per day or per hour.  It is not possible to determine if the episodes of 
children’s sedentary behaviour in pre-school are less than 1 hour or not. 
 
Given the release in recent years of the recommendations in the UK, Canada and Australia 
for pre-school children to accumulate at least 180 minutes of total physical activity per day 
there are only 12 studies which have explored this in the pre-school population.  Of these, 
seven studies report that pre-school children are achieving this recommendation of 180 
minutes per day (Heelan and Eisenmann 2006; Janz et al. 2002; Janz et al. 2004; Martinez-
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Gomez et al. 2009; Metallinos-Katsaras et al. 2007; Obeid et al. 2011; Telford et al. 2005) 
and four studies report that children are not meeting this recommendation (Alhassan et al. 
2007; Cliff et al. 2009a; Hinkley et al. 2012c; Taylor et al. 2009).   
 
While these conflicting findings are surprising they could in part be explained by the 
different measurement approaches adopted (e.g. self-report, accelerometry, heart rate etc.) 
within studies which makes cross-comparison difficult.  In addition, even in studies which 
use the same methods such as accelerometry, different approaches to data collection, 
processing and analysis have been adopted.  These different approaches are a reflection of 
the lack of consensus in the literature on the optimal approach to use with methods such as 
accelerometry (Cliff et al. 2009b).  The lack of standardisation between the approaches 
adopted in studies means that conflicting estimates of time spent in physical activity and 
sedentary behaviour have been reported.  As a consequence of this methodological 
uncertainty there is confusion over whether pre-school children are sufficiently active for 
health and the true characteristics of physical activity in pre-school children are still not well 
established (Bornstein et al. 2011).   
 
1.4.4 Summary 
Many of the findings of the studies reviewed appear to contradict each other.  Whether 
pre-school children are sufficiently active for health, either achieving 60 min/day of MVPA 
or 180 min/day of total physical activity is not conclusive.  There are also limited number of 
studies to date which have explored sedentary behaviour and most of these studies rely on 
subjective methods to measure sedentary behaviour which, as will be discussed in the next 
section of this review, have limitations. 
 
Several factors could be attributed to the inconsistencies in findings between studies.  In 
particular, these inconsistencies may be an artefact of the different measurement methods 
adopted and the variety of different methodological decisions used between studies.  It is 
argued that there is a need for consensus on the methodological decisions which influence 
accurate quantification of physical activity in young children (Cliff et al. 2009b; Ojiambo et 
al. 2011).  The following section will consider in greater depth the approaches to measuring 
physical activity and sedentary behaviour and their suitability for use with pre-school 
populations. 
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1.5 MEASUREMENT OF YOUNG CHILDREN’S PHYSICAL ACTIVITY 
1.5.1 Introduction 
As discussed, young children’s physical activity behaviour is believed to be characterised by 
intermittent and sporadic bursts of vigorous activity (Bailey et al. 1995; Baquet et al. 2007). 
As a result, accurate means of quantifying physical activity in this population is particularly 
challenging, and requires methods that are able to capture the intermittent nature of young 
children’s physical activity (Loprinzi and Cardinal 2011). 
 
Sirard and Pate (2001) describe three categories of methods to measure physical activity: 
primary, secondary and subjective methods.  Primary methods refer to the criterion methods 
which provide an exact measure of physical activity.  However, this is argued as being 
problematic as currently there is no ‘gold standard’ method which can accurately measure all 
aspects of physical activity of pre-school children (Oliver et al. 2007b).  There are however 
criterion methods for measuring energy expenditure, such as doubly labeled water (DLW) 
and indirect calorimetry and behavioural criterion methods, such as direct observation, 
against which other methods have been validated.  Secondary methods include objective 
measurement techniques such as heart rate, pedometry and accelerometry, which provide an 
objective assessment of physical activity (Sirard and Pate 2001).  Finally, subjective methods 
include methods such as self-report or proxy report questionnaires.  In the following section 
the methods applicable to each category will be critically discussed.  Consideration will be 
given to the validity and reliability of the methods as well as to the suitability for the 
measurement of habitual physical activity behaviour in pre-school children.  
 
The validity of a measurement instrument refers to the extent to which it measures what it set 
out to measure (Terwee et al. 2010).  There are different types of validity such as criterion 
and concurrent validity (Terwee et al. 2010).  Criterion validity refers to the relationship 
between a measure and the ‘gold standard’ or criterion measure (Terwee et al. 2010).  
Concurrent validity examines the agreement between two measures of unknown validity for 
example between different movement sensors such as accelerometers and pedometers 
(Lubans et al. 2011).   
 
Reliability refers to the consistency or agreement between multiple measures, either by 
different observers (or inter-rater reliability) or with the same observer (intra-rater reliability) 
(Lubans et al. 2011).  
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To interpret the validity and reliability from studies, de Vries (2009) has provided useful 
criteria.  They rated the criterion validity as ‘good’ if the correlation coefficient was ≥ 0.75 
and the construct validity as ‘good’ if the correlation coefficient was ≥ 0.60 (de Vries et al. 
2006).  For reliability intraclass correlation coefficients (ICCs) were argued to be a 
satisfactory measure of reliability with values of ≥ 0.70 suggesting good reliability. 
 
1.5.2 Subjective methods of measuring physical activity 
Subjective methods of measuring physical activity include questionnaires and self-report 
methods of one’s own behaviour or that of others (either parent proxy or teacher reports).  
Questionnaires have the advantage of being inexpensive and non-invasive and for these 
reasons they are often used in large-scale population surveys (Oliver et al. 2007b).  They can 
also be used to provide important contextual information on behaviours such as time spent 
watching television or engaging in electronic media (Dwyer et al. 2011).  Unfortunately 
however, the inability of young children to accurately recall the intensity, duration and 
frequency of physical activity (Welk et al. 2000b) means that the use of self-report methods 
are not recommended in children under the age of 10 years (Sallis 1991). 
 
One of the main limitations of proxy questionnaires, where-by parents or carers complete a 
questionnaire on behalf of the child, is the potential for inaccuracies as a consequence of 
reporting bias (Noland et al. 1990).  This may in part be due to socially desirable responses 
being given (Bringolf-Isler et al. 2012).  Similar to studies of older children, time spent in 
sedentary activity has been found to be under-reported by parents when compared against 
objective methods (e.g. accelerometry) and time spent in MVPA tends to be overestimated 
by parents (Bender et al. 2005).  This systematic error has been found to become larger as 
the magnitude of reported time increases (Anderson et al. 2005; Corder et al. 2009).  In 
addition, Norland et al. (1990) found that parents consistently rated their children’s activity 
levels higher than teachers. 
 
Several proxy questionnaires have been developed and validated with pre-school children. 
However, many of the validation studies only investigate concurrent validity as they 
compare questionnaires against secondary measures, such as accelerometers, pedometers and 
heart rate, which have unknown validity (Lubans et al. 2011).  As there are several 
outstanding methodological questions with secondary measures, such as how accelerometry 
data should be processed and analysed or the influence of emotion on heart rate, this limits 
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their ability to act as true criterion methods.  A summary of validation studies of proxy 
questionnaires for pre-school children are presented in Table 1.3.   
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Table 1.3: Summary of validation studies of proxy questionnaires with young children. 
Details of questionnaire Parent 
proxy (PP) 
or teacher 
proxy (TP)  
Authors No. participants 
(n), age range, 
mean (SD) 
Criterion  Results 
Eight item questionnaire 
(not detailed) 
PP Bacardí-Gascón 
et al. (2011)  
35, 
NA 
Accelerometry rs:= 62 (p < 0.01) 
Outdoor recall questions 
Outdoor playtime time checklist 
PP Burdette et al. 
(2004) 
250, 
2.4 - 4.3 y,  
3.6 y 
Accelerometry Check list: rs: = 0.33 (p < 0.01) 
Recall: rs: = 0.20 (p = 0.03) 
Questionnaire coded: 
Frequency of physical activity: 1 
‘very often’ to 3 ‘not often’ 
Level of physical activity: 1 ‘very 
active’ to 4 ‘inactive’ 
TP Chen et al. (2002) 24, 
3 - 4 y, 
3.8 (0.26) y 
Actiwatch  
Calorie 
counter 
(steps/day) 
Children classified as ‘very active’ 
significantly higher TEE per day 
than those inactive (p < 0.05) 
Pre-school Physical Activity 
Questionnaire (Pre-PAQ) 
PP Dwyer et al. 
(2011) 
67, 
3 - 5.9 y, 
3.8 (0.74) y 
Accelerometry  Mean differences  
TPA (Sirard) 45.2 min 
TPA (Reilly) 20.9 min 
Structured activity questionnaire: 
activity index: hours/week by 
Kriska et al. (1990) 
PP Goran et al. 
(1997)  
101, 
5.3 (0.9) y 
DLW and 
indirect 
calorimetry  
TEE - REE= 
AEE 
rp = ns; r values not reported 
Physical activity questionnaire 
developed by author: 
indoor/outdoor/school based, 
mode and duration and intensity 
recorded low/moderate & MVPA 
(5-9 METs) 
PP or TP Harro et al. 
(1997) 
62, 
4 - 8 y, 
7 (0.7) y 
HR 
monitoring: 
MVPA = HR 
≥ 140bpm 
Accelerometry 
score 
Accelerometry rs = 0.53 
(p < 0.0001) 
HR ≥ 014bpm rs := 0.40 (p < 0.01) 
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Details of questionnaire Parent 
proxy (PP) 
or teacher 
proxy (TP)  
Authors No. participants 
(n), age range, 
mean (SD) 
Criterion  Results 
Netherlands Physical Activity 
Questionnaire (NPAQ): proxy 
report: numerical score. 
PP or TP Janz et al. (2005) 204, 
4 - 7 y, 
5.7(0.5) y 
Accelerometry  rs = 0.33 for TPA; 
 rs = 0.36 for VPA. 
Mother and teacher direct 
evaluation (record in a 
questionnaire). 5 category of 
activity 1) inactive 2) relatively 
inactive 3) medial 4) relatively 
active 5) active 
PP or TP Nishikido et al. 
(1982) 
49, 
5 - 6 y 
Direct 
observation: 
AAR- 4 
categories. 
Pedometry 
step rate 
 
Kendall’s rank correlation overall 
higher for teachers than parents. 
Teacher evaluation: r = 0.25 with 
pedometry; r = -0.19 to 0.27 for 
observed activity. 
Parents evaluation: r = 0.14 with 
pedometry; r = -0.14 to 0.12 with 
observed activity. 
Children’s Leisure Activities 
Study Survey (CLASS) 
PP Telford et al. 
(2004) 
58 
5 -6 y 
5.3 (0.5) 
Accelerometry MPA rs = -0.06; VPA rs = -0.04; 
TPA rs = -0.04 
Seven day diary adapted from 
Children’s Leisure Activities 
Study Survey (CLASS) 
PP Wen et al. (2010) 
 
 
31, 
3 - 5 y, 
3.5 y 
Accelerometry TPA rs := 0.23 (ns); Sed rs: = 0.24 
(ns) 
AAR: Activity Appearance Rate; AEE: activity energy expenditure; bpm: beats per minute; DLW: doubly labeled water; HR: heart rate; NA: not 
available; ns: not significant; PP: parent proxy; REE: resting energy expenditure; rs: Spearman correlations; rp: Pearson’s correlation; TEE: total 
energy expenditure; TP: teacher proxy; TPA: total physical activity; VPA: vigorous physical activity. 
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It can be seen that at best there are moderate correlations between the proxy reporting and 
the secondary methods against which they are validated.  However, it has been argued that as 
the secondary methods often quantify different dimensions of physical activity than what a 
subjective method tries to quantify, higher correlation values cannot necessarily be expected 
(Harro 1997). 
 
Despite the limitations of proxy questionnaires, they are useful in situations where objective 
methods are not available (Burdette et al. 2004) or when used as an addition to an objective 
method to provide contextual information about physical activity and sedentary behaviours. 
This information is important in gaining a better understanding of the physical activity and 
sedentary behaviour habits of pre-school children (Dwyer et al. 2011). In this thesis 
however, proxy reporting was not adopted as the concern was with objective measurement of 
physical activity and sedentary behaviour. 
 
1.5.3 Primary methods of measuring physical activity 
The primary measures of indirect calorimetry, doubly labeled water (DLW) and direct 
observation have frequently been used in studies of pre-school children as the criterion 
method of physical activity.  Which approach is adopted is dependent on the elements of 
physical activity that the researcher wishes to investigate and there are valid arguments to 
support each approach (McNamara et al. 2010).  Direct observation methods are able to 
provide descriptive information on physical activity behaviour, such as the type of activity, 
the frequency, duration and intensity of activity, and they are often regarded as being the 
‘gold standard’ method for measuring physical activity in young children (Loprinzi and 
Cardinal 2011; Oliver et al. 2007b).  Indirect calorimetry and DLW are both accurate at 
measuring energy expenditure (Oliver et al. 2007b).   
 
1.5.3.1.1 Indirect calorimetry and doubly labeled water 
During indirect calorimetry methods, energy expenditure is measured by the analysis of 
respiratory gas exchange within a sealed chamber or within a ventilated hood system worn 
by subjects (Muller and Bosy-Westphal 2003).  During the process oxygen consumption 
(VO2) and carbon dioxide (CO2) production are measured and converted to energy 
expenditure using a formula (Levine 2005; Muller and Bosy-Westphal 2003). 
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Both indirect calorimetry and DLW techniques require expensive equipment or facilities and 
are often limited to a laboratory setting.  There is some evidence supporting the feasibility of 
whole room calorimetry with pre-school children (Oortwijn et al. 2009) making it suitable as 
a criterion measure in the short term.  Portable indirect calorimetry equipment is also 
available for measuring energy expenditure allowing for measurement of free-play.  
However, the equipment is cumbersome to wear and as a result, this may impact on the 
child’s ‘usual’ movement patterns and subsequently alter their energy expenditure (Oortwijn 
et al. 2009).  It is therefore more challenging to replicate children’s typical activity in their 
usual environment using these methods.  
 
DLW techniques usually involve participants drinking water which is ‘tagged’ with a non-
radioactive isotope (D2
18
O) (Muller and Bosy-Westphal 2003).  Samples of urine, saliva or 
blood are then collected over 7 - 21 days and changes in concentration of the isotope in 
body’s water allows for calculation of VO2 consumption and EE (Levine 2005).  DLW is 
argued to be the ‘gold standard’ for measuring total energy expenditure (TEE) in free-living 
conditions (Ekelund et al. 2001), and this method has been used successfully with pre-school 
children to provide a measure of TEE (total energy expenditure) collected over several days 
(Lopez-Alarcon et al. 2004; Montgomery et al. 2004; Reilly et al. 2004).  In the study by 
Montgomery et al. (2004) the TEE values were used to calculate the child’s physical activity 
level (PAL) (PAL = TEE/predicted resting energy expenditure (pREE)).  PAL was found to 
be positively associated with accelerometry measures of light intensity physical activity and 
negatively associated with sedentary behaviour (Montgomery et al. 2004).   
 
Limitations of the DLW technique are that it is not able to provide information on the 
different dimensions of physical activity behaviour such as the intensity, frequency or 
duration of physical activity undertaken (Rowlands et al. 1997).  In addition the use of 
predicted methods for calculating REE has been shown to have variable accuracy with 
pre-school children (Finan et al. 1997) and the protocol for directly measuring REE requires 
fasting in excess of 4 hours and lying still for 30 minutes (Ventham and Reilly 1999) which 
young children may have difficulty complying with (Montgomery et al. 2004).  
 
The validity of indirect calorimetry and DLW methods to predict energy expenditure has 
been investigated in a handful of studies since 1993 with pre-school children.  Table 1.4 
outlines some of the relevant studies undertaken with the pre-school population.  Earlier 
studies of DLW have been reviewed by Goran (1994).  In the review, Goran (1994) reports 
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on the finding that DLW has been validated by whole room indirect calorimetry and is 
accurate within 10% (Goran 1994).  
 
Both indirect calorimetry and DLW methods have been used extensively as criterion 
methods of energy expenditure in validation studies of secondary measures of physical 
activity with pre-school children (Lopez-Alarcon et al. 2004; Montgomery et al. 2004; 
Oortwijn et al. 2009; Pate et al. 2006; Puhl et al. 1990; Reilly et al. 2004).  However physical 
activity is only one variable that contributes to energy expenditure.  For example, in a study 
of 5-year old children, Fontvieille et al. (1993) reported that physical activity accounted for 
only 16 (7) % (mean (SD)) of TEE over 7 days of monitoring.  In their review 
Oliver et al. (2007b) highlighted the influence that genotype, ethnicity, body weight and 
obesity have on energy expenditure and that the relationship is not straightforward.  Energy 
expenditure is a complex variable and as already discussed it is a different construct from 
physical activity.  Given the focus of this thesis is on physical activity as opposed to energy 
expenditure, as well as the restriction to free-living that indirect calorimetry methods may 
incur and the inability to measure domains of physical activity (with DLW), the DLW and 
indirect calorimetry methods were not felt to be suitable for use in the current thesis. 
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Table 1.4: Summary of doubly labeled water and indirect calorimetry studies to predict EE with pre-school children. 
Approach Author No. participants (n), age 
range, mean (SD) 
Protocol Results/conclusions 
Indirect 
calorimetry 
Finan et al. 
(1997) 
113, 
3.9-7.8 y 
Indirect calorimetry used to measure REE 
(mREE) this was compared with predicted 
REE (pREE) using regression analysis 
Most prediction equations do not 
accurately predict mREE except the 
FAO/WHO/UNH equation with 99% of 
predictions being within 200kcal/day 
DLW 
Indirect 
calorimetry 
Goran et al. 
(1997) 
Study 1: 101, 
5.3 (0.9) y, 
Study 2: 68, 
6.3 (0.9) y, 
 
Energy expenditure measured with DLW and 
REE with indirect calorimetry 
FM & FFM bioelectrical resistance & skin fold 
AEE significantly correlated with FM 
&FFM (r = 0.32) and with weight 
(r = 0.28 & 0.29 for study 1 & 2); not 
correlated with FM (r = 0.32) 
DLW Montgomery et 
al. (2004) 
104, 
5.4 y, 
Pre-school age (n): 36, 
School age (n): 68 
 
Accelerometry data collected over 3 days for 
pre-schoolers and 7-10 days from school aged. 
DLW collected d 1 & 7 from pre-schoolers; 
day 1 & 10 from school aged children. PAL 
from DLW calculated TEE/pREE 
TPA r = 0.33 p < 0.01; LPA: r = 0.31, 
(p < 0.01); MVPA: r = 0.22, (p < 0.01); 
Sed r = -0.33, (p < 0.01) with PAL 
 
Whole room 
calorimetry 
Oortwijn et al. 
(2009) 
5, 
5.2 (0.4) y 
 
150-175 minute structured protocol within 
room. EE calculated from measurement of O2 
consumption and CO2 production by Weirs 
formula 
Feasibility study: conclusion that 
structured protocol tolerated by young 
children within a room calorimeter 
DLW: doubly labeled water; EE: energy expenditure; FAO/WHO/UNH: Food and Agriculture Organization, World Health Organisation; United 
Nations University; FM: fat mass; FFM: fat free mass; LPA: light physical activity; mREE: measured resting energy expenditure; PAL: physical 
activity level; pREE: predicted resting energy expenditure; REE: resting energy expenditure; TPA: total physical activity.  
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1.5.3.1.2 Direct observation methods 
Another primary measure is direct observation which is considered to be a ‘criterion’ 
measure of physical activity behaviour.  While different direct observation methods exist for 
different settings (physical education classes or free-play) it primarily involves observation 
of an individual or group of subjects over a period of time by observers who classify 
subjects’ physical activity behaviours into distinct categories (Vanhees et al. 2005).  Direct 
observation is thought to be particularly suited as a criterion measure of physical activity of 
young children with whom interpretation of energy expenditure can be difficult (De Bock et 
al. 2010; Loprinzi and Cardinal 2011; Oliver et al. 2007b). 
 
This method has been argued by some authors to be an objective method (Dollman et al. 
2009) and by others to be a semi-objective method (Lubans et al. 2011). Direct observation 
methods have also been referred to as a subjective method as they rely on humans to observe 
and record physical activity behaviour (Oliver et al. 2007b).  The limitations of direct 
observation methods are that they are time-consuming with high investigator burden, and 
therefore these methods are resource intensive (Oliver et al. 2007b).  There is also potential 
for reactive behaviour from participants as a consequence of being observed, meaning that 
‘typical’ activity behaviour may not be witnessed.  The high investigator burden means that 
it is not practical for large population-based studies, but it has been used extensively as a 
criterion method in studies with young children to validate other physical activity 
measurement methods such as proxy-report (Nishikido et al. 1982), accelerometry (Oliver et 
al. 2009; Reilly et al. 2003; Sirard et al. 2005; Van Cauwenberghe et al. 2011) and 
pedometry (Beets et al. 2005; Duncan et al. 2011; Oliver et al. 2007a).  There are different 
objective measurement systems for scoring and recording physical activity and Table 1.5 
presents a summary of the direct observation systems which have been used in studies of 
children. 
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Table 1.5: Summary of studies investigating the validity and reliability of direct observation methods. 
Measurement system Author No. participants (n), age 
range, mean (SD) 
Observation Strategy Criterion 
Measure 
Validity Reliability  
 
CARS:  
Children’s Activity 
Rating Scale  
Puhl et al. 
(1990) 
Study 1 : 91, 
3 - 6 y 
Study 2: 25, 
5 - 6 y 
1 min partial time sampling 
with 5 categories 
VO2 
(portable 
metabolic 
unit) & 
HR 
Study 2 
Significant 
difference 
for each level 
of CARS 
(p < 0.05) 
Study 1 
 84.1%* 
CPAF 
Children’s Physical 
Activity Form  
O’Hara et al. 
(1989) 
36,  
3
rd 
- 5
th
 grade students 
1 min partial time sampling 
with 4 categories  
HR r = 0.26 - 
0.90 
mean 
r = 0.64  
96-98%* 
SOCARP 
System for Observing 
Children’s Activity and 
Relationships during 
Play 
Ridgers et al. 
(2010) 
Intra observer reliability 
(n = 14), 
Inter observer reliability 
(n = 27), 
Validity (n = 99) 
School children  
 
10 s sampling period followed 
by 10 s recording interval. 
Level of intensity: 5 
categories (same as those used 
in SOFIT).Type: sport, active 
games, sedentary activities, 
locomotion. Group size: 
alone, small, medium, large. 
Interaction: prosocial, 
antisocial. 
Child observed for 10 min 
Accelero
metry 
r = 0.67, 
(p < 0.01) 
87-93% 
SOFIT 
System for Observing 
Fitness Instruction Time  
McKenzie et 
al. (1997) 
3
rd 
- 5
th
 grade students Group observation 
10 min momentary time 
sampling with 5 categories  
HR r = 0.80 - 
0.91 
(p < 0.01) 
92%* 
SOFIT-P 
System for Observing 
Fitness Instruction Time 
for Pre-schoolers 
Sharma et al. 
(2011) 
Study 1: 67 
Study 2: 27 
3 - 6 y 
Group observation 
10 min momentary time 
sampling with 5 categories 
Accelero
metry 
Study 2 
r = 0.50 - 
0.54 
(p < 0.01) 
Study 1 
> 75% 
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Measurement system Author No. participants (n), age 
range, mean (SD) 
Observation Strategy Criterion 
Measure 
Validity Reliability  
 
SOPLAY 
System for Observing 
Play and Leisure 
Activity in Youth 
McKenzie et 
al. (2000) 
138, 
6
th 
- 8
th
 grade students 
2, 3 or 5 min group coding 
3 categories plus codes for 
context, accessibility, 
supervision & equipment 
Accelero
metry 
r = 0.24 - 
0.57 
(p < 0.01) 
ICC = 0.74 
 
BEACHES 
Behaviors of Eating and 
Activity for Children’s 
Health: Evaluation 
System  
McKenzie et 
al. (1991) 
Study 1: 42,  
4 - 8 y, 
Study 2: 19,  
4 - 9 y 
1 min momentary time 
sampling with 5 categories 
25 s observation with 35 s for 
coding 
HR Study 1 
HR increased 
with activity, 
relationship 
with HR not 
calculated 
Study 1 
94% - 99%* 
kappa 0.90 
 
FATS 
Fargo Activity Time-
Sampling Survey 
Klesges et al. 
(1984) 
14, 
2 - 4 y, 
3 s continuous time sampling 
with 30 categories 
VO2 
(portable 
metabolic 
unit) 
r = 0.78 - 
0.90 
91-98%* 
kappa 0.91 
OSRAC-P  
Observational System 
for Recording Physical 
Activity in Children-
Preschool version 
Brown et al. 
(2006) 
NA 5 s observation followed by 
25 s coding.  (Two 
observations per min) 
No 
validation 
data 
No 
validation 
data 
kappa < 0.80 
HR: heart rate; NA: not available; *Inter-rater percentage agreement.
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Most of the direct observation methods are designed to assess an individual participant’s 
physical activity behaviour.  However, the System for Observing Play and Leisure Activity 
in Youth (SOPLAY) has been developed for the purpose of assessing group levels of 
physical activity (Saint-Maurice et al. 2011).  Saint-Maurice et al. (2011) investigated the 
concurrent validity of the SOPLAY in a study of 160 children aged 9 - 12 years. The authors 
concluded that while there was support for the validity of the SOPLAY care should be taken 
in interpreting the intensity level of activity, in particular with category 2 activities which are 
described as ‘walking’.  Although walking can be characterised as either a light or a 
moderate intensity activity, Saint-Maurice et al. (2011) suggest that interpreting walking as 
MVPA would lead to an overestimation of time that children spend in MVPA.  The authors 
argue that walking was more typically a light intensity physical activity (Saint-Maurice et al. 
2011).  This is important, as in other direct observation scales, walking activities have been 
split into different categories depending on the speed of walking undertaken. For example in 
the CARS  there is ‘slow’ and ‘brisk’ walking (Puhl et al. 1990).  The interpretation of 
whether a walking activity is categorised as a ‘light’ or a ‘moderate’ intensity activity is not 
consistent between studies. 
 
Of the direct observation methods available the Children’s Activity Rating Scale (CARS) 
and the Children’s Physical Activity Form (CPAF) have been most commonly used in 
studies of young children (DuRant et al. 1994; Finn and Specker 2000; Kelly et al. 2004; 
Oliver et al. 2007a; Oliver et al. 2009; Reilly et al. 2003; Van Cauwenberghe et al. 2011).  
Unlike the CPAF, which does not have established reliability (Sharma et al. 2011) and has 
concurrent validity against heart rate, a secondary measure of physical activity, in older 
children (8 - 10 y), the CARS has been shown to have good inter-rater reliability with 
younger children (aged 3 - 4 y) (DuRant et al. 1993).  The CARS has also been validated 
against indirect calorimetry for use in a free-play conditions with younger children aged 5 to 
6 years (Puhl et al. 1990).  
 
The CARS is limited by the fact that it does not provide any information on the context of 
activity (Sharma et al. 2011).  However, the ‘Observational System for Recording Physical 
Activity in Children-Pre-school version’ (OSRAC-P), developed by Brown et al. (2006) and 
modelled on the CARS, collects additional data on the topography of activity (e.g. running, 
walking, sitting), as well as the social circumstances (i.e. initiates activity, prompt for 
activity peer or teacher), and non-social environmental circumstances (inside, outside, 
transition) of children’s activity.  The addition of this information would be useful for 
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descriptive purposes, particularly for research into the impact of physical activity 
interventions.  Although the authors reported on good inter-observer agreement for all 
categories (kappa > 0.80) except group (kappa = 0.79) using the kappa statistic, there was a 
wide variation in the observer agreement for physical activity and type of activity (kappa = 
0.18 - 1.00 and 0.50 - 1.00 respectively).  This variation highlights the vulnerability of direct 
observation methods as they reply on humans to accurately observe, interpret and record data 
(Oliver et al. 2007b).  The collection of this additional information may in part account for 
lower reliability scores seen in the study by Brown et al. (2006), in contrast to the study by 
Puhl et al. (1990), where inter-rater reliability was 84.1 (10)% (mean percentage agreement 
(SD)).  Interestingly, most of the observer disagreements occurred for Level 1 and Level 2 
activities, which are the stationary activities either with arm movements (Level 2) or without 
arm movements (Level 1).  The authors suggest combining these into a composite ‘sedentary 
measure’ for future analysis, arguing that there is limited need for a differentiation between 
these categories (Brown et al. 2006). 
 
The OSRAC-P scale has yet to be validated and it depends on the purpose of the study 
whether the descriptive information on the typography and context of physical activity is 
desired.  Coding the additional information in the OSRAC-P may detract from accurate 
coding of the observed physical activity behaviour, with consequences for the reliability of 
the tool. 
 
The Children’s Activity Scale (CARS), developed by Puhl et al. (1990), allows minute-by-
minute coding of children’s activity into five different categories of intensity level (Table 
1.6).  In the study by Puhl et al. (1990) (n = 25, 12 boys, 13 girls, 5 - 6 y), they were able to 
discriminate between the categories of activity levels against energy expenditure measured 
by indirect calorimetry (VO2) and heart rate.   
 
Table 1.6: Children’s Activity Rating Scale (CARS). 
Level Description 
1 Stationary/non-moving e.g. sitting quietly 
2 Stationary/with movement e.g. sitting/standing swinging arms, standing still 
3 Translocation slow/easy e.g. slow walk 
4 Translocation medium/moderate e.g. moderate walk  
5 Translocation fast/very fast/strenuous e.g. running 
(Danner et al. 1991; Puhl et al. 1990)  
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Levels four and five represent moderate-to-vigorous intensity physical activity (activities 
with energy cost at least three times resting energy expenditure) (Sirard et al. 2005). 
 
A limitation of the CARS is that as it records activity once during a 1-minute period, and 
then averages the scores to obtain a mean score, it may not accurately reflect the activity 
undertaken during that 1-minute period.  Oliver et al. (2007a) uses the example of a child 
being engaged in sedentary behaviour for 3 s (Level 1 activity), then engaging in 57 s of 
vigorous activity (Level 5 activity).  This would result in categorising the minute at Level 3 
((1+5)/2 = 3), which would mean the minute is classified as ‘light’ intensity physical 
activity, and thus misrepresenting the child’s true activity.  However, given the intermittent 
nature of physical activity reported in young children (Bailey et al. 1995) it is possibly 
unlikely that they would sustain vigorous activity for 57 s.  
 
Sirard et al. (2005) adapted the CARS to a 15-s sample period and applied it in a study of 
pre-school children.  They combined Levels 1 and 2, which are both stationary activities, 
into one ‘sedentary’ category.  The researchers reported high ICC values for intra-observer 
agreement (0.95 to 0.96 and 0.88 to 0.94 for the start and end of data collection period) and a 
high percentage agreement (75 to 99%) of 15 s physical activity categorisation across all 
time points (kappa = 0.66 to 0.98) (Sirard et al. 2005).  The shorter sample period may go 
some way to reduce the misrepresentation of activity for that observed period.  Oliver et al. 
(2009) have gone on to use a second-by-second CARS coding system, where codes are 
applied for each second and then an average is calculated for a 15-s period.  While they 
reported good intra-observer reliability (96%) with this approach there is the possibility that 
coding for each second could increase the risk of introducing operator bias or error. 
 
In summary, while the CARS is not suitable for large scale studies due to high operator 
burden, it is considered to be a criterion method of choice for use as the ‘gold standard’ 
method in studies of physical activity in young children (Loprinzi and Cardinal 2011). In this 
thesis, the CARS was selected as the criterion measure of physical activity against which 
accelerometers were validated. 
 
1.5.4 Secondary methods of measuring physical activity 
Secondary methods of measuring physical activity include heart rate and activity monitors 
such as pedometers and accelerometers. Each will be discussed in this section. 
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1.5.4.1.1 Heart rate 
Heart rate (HR) is commonly used as an objective measure of physical activity (Eston et al. 
1998).  However, Oliver et al. (2007b) argues that HR is particularly limited as being a 
‘proxy’ measure of physical activity as it is only an indirect approximation of energy 
expenditure.  Accurate measurement of EE from HR relies on the linear relationship between 
oxygen uptake (VO2) and HR (Melanson and Freedson 1996).   
 
There are several limitations with using heart rate as a measure of physical activity.  Firstly, 
HR responses following movement are delayed, which may mask the intermittent behaviour 
of physical activity (Trost 2001) and this may be important for studies of young children.  
The relationship between HR with high and low intensity physical activity is weak (Loprinzi 
and Cardinal 2011) and it does not accurately measure sedentary behaviour (De Bock et al. 
2010).  Another key limitation with using HR is that it may be affected by factors other than 
physical activity, such as emotions, surroundings, temperature and dehydration (Muller and 
Bosy-Westphal 2003) as well as cardiorespiratory fitness (Trost 2001).   
 
To overcome some of the limitations with HR, techniques have been developed including the 
use of relative HR indices which adjust for differences in fitness and age (Trost 2001).  The 
most commonly used indices are the Physical Activity Heart Rate-25 (PAHR-25) and the 
Physical Activity Heart Rate-50 (PAHR-50) which relate to the percentage of time spent 
with HR at 1.25 (light to moderate) and 1.50 (vigorous) times resting heart rate (RHR) 
(Logan et al. 2000).  However, the HR indices rely on accurate measurement of RHR and the 
problem is that several different definitions of RHR have been published (Trost 2001).  In a 
study of 20 children (10 boys, 10 girls, mean (SD) age: 4.4 (0.4) y), Logan et al. (2000) 
highlighted the problem of using different definitions of RHR when they compared 
measured RHR with derived RHR using four commonly used definitions of RHR.  The 
derived RHR values were then converted to the PAHR-25, PAHR-50 and average activity 
heart rate (AHR) indices.  As well as there being significant differences in the derived 
estimates of RHR depending on the definitions of RHR used, the PAHR-25 varied by 
10 -50%, the PAHR-50 by 16 - 65% and AHR varied by 9 - 44% depending on the derived 
definition of RHR used. Therefore, in order to use these indices in a meaningful way, a 
consensus on how RHR is defined and measured first needs to be reached (Logan et al. 
2000). 
 
 33 
 
In summary, if estimation of energy expenditure is of interest then HR may be of value and 
there are some promising results from studies with pre-school children where HR has been 
used in combination with accelerometry to measure energy expenditure (De Bock et al. 
2010; Ojiambo et al. 2012).  There are many advantages to using HR in free-living 
conditions as the instruments used to record HR are low-cost, easy-to-use, unobtrusive, and 
they have the capability of recording data over an extended period of time (Loprinzi and 
Cardinal 2011).  In addition, in one of the few studies to have used HR with young children 
it has been found to be a reliable measure of physical activity (DuRant et al. 1992).  
However, as the relationship between VO2 and HR is individual for intensity, there is a need 
for individual calibration which can be time consuming and would make HR impractical for 
use in large population-based studies.  Finally, as the focus of this thesis is on physical 
activity behaviour as opposed to energy expenditure, HR monitoring was not included as a 
measure of physical activity. 
 
1.5.4.1.2 Pedometers 
Pedometers are one type of activity monitor which are inexpensive, easy-to-use and provide 
objective physical activity data on the frequency of activity in a user-friendly way (e.g. 
number of ‘steps’ taken per day) (Tudor-Locke et al. 2004).  Pedometers are small, 
lightweight motion sensors which measure movement of the body in the vertical plane (Pate 
et al. 2010) and are usually worn on the hip.  These features of a pedometer have meant that 
they are well suited for data collection from large populations.  However, while pedometers 
are very useful in providing data on a person’s ambulatory activity level (Crouter et al. 
2003), they are not sensitive to gait differences such as stride length which vary from person 
to person (Zhang et al. 2003).  They are also unable to take account of the additional energy 
expenditure from activities such as uphill walking, stair climbing and upper limb activity 
(Bassett et al. 2000).  Importantly, pedometers record data in cumulative steps, and as such 
do not provide information on patterns of physical activity, such as the intensity, frequency 
and duration of physical activity, and they do not have storage capabilities (de Vries et al. 
2009). 
 
There are several models of pedometer available, however, the Digi-walker (SW-series; 
Yamax Co., Yasama Corp, Tokyo, Japan) is the only model to have been used in validation 
studies with pre-school children. Table 1.7 presents a summary of the validation studies of 
pedometers undertaken with pre-school children.  Unfortunately, information on the 
reliability of the Digi-walker was not available in the studies with pre-school children. 
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However in a review, de Vries (2009) reported that pedometry studies with older children 
suggest high intra-instrument and inter-instrument reliability with the Digi-walker 
pedometer. 
 
The criterion validity of the Digi-walker has been reported in four studies and construct 
validity in one study (Table 1.7).  The correlation results suggest moderate associations with 
direct observation and good construct validity with accelerometry. This supports the findings 
of de Vries (2009) for the pre-school age group, where they suggest that there is a modest 
level of evidence for the validity of pedometers in the pre-school age group.  
 
However, Oliver et al. (2007b) highlights the limitation of correlation analysis for assessing 
validity, which measures the strength of a relationship but can overlook systematic 
differences.  In their small study of 13 pre-school children (mean (SD) age: 4.1(0.6) y) they 
used the Bland and Altman method to compare step counts when walking at a slow speed, a 
normal walk speed and run speed, from pedometers worn on each hip and the back, against 
the CARS direct observation scale (Oliver et al. 2007a).  The authors reported wide limits of 
agreements (15 - 44 steps over 29 m) for all ambulatory conditions and pedometry positions, 
leading them to question the accuracy of pedometers as a measure of physical activity in pre-
school children.  However, these findings were based on a small sample (n = 11) and make 
use of the CARS coded at 60 seconds, which the authors concluded could limit the accuracy 
of the CARS to act as a criterion measure of physical activity (Oliver et al. 2007a). 
 
In summary, while pedometers may be useful for a general assessment of accumulated 
ambulatory activity (number of steps taken), they are unable to provide detail on the 
dimensions of physical activity e.g. intensity, frequency and duration of physical activity.  
The inability of pedometers to store information over extended periods of time also limits 
their use for assessing habitual physical activity behaviour.  With this and the moderate 
evidence of the validity of pedometers for use with pre-school children, they were not 
selected as the instrument to measure habitual physical activity behaviour of pre-school 
children in the current thesis. 
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Table 1.7: Summary of validation studies of pedometry with pre-school children. 
Pedometer model Study authors No. participants 
(n), age range 
Method Criterion  Validity 
Digi-walker 
 
Cardon and 
Bourdeaudhuij (2007) 
76, 
4 - 5.9 y 
4 days wearing pedometer and 
accelerometer, correlation of steps count 
with MVPA min. 
Accelerometry r = 0.73 
Digi-walker 
 
Louie and Chan (2003) 148, 
3 - 5 y 
Observed during 25 min free-play CARS r = 0.64 
Digi-walker 
 
McKee et al. (2005) 30, 
3 - 4 y 
Observed during 1 hour of self-selected 
activities  
CARS r = 0.64 to 0.95 
Digi-walker 
 
Nishikido et al. (1982) 49, 
5 - 6 y 
Direct observation over 2 days in 2 
nurseries 
AAR categories: sit, stand, walk, run 
AAR r = -0.50 & -0.77 sitting 
r = -0.37 & -0.21 
standing 
r = 0.36 & 0.42 walking 
r = 0.69 & 0.83 running 
Digi-walker 
 
Oliver et al. (2007a) 13, 
3 - 5 y 
Observed during 35 min free-play  CARS r = 0.54, (p = 0.04) 
LOA (15 - 44 steps over 
29 metres) 
AAR: Activity Appearance Rate; CARS: Children’s Activity Rating Scale; LOA: limits of agreement; MVPA: moderate-to-vigorous activity.
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1.5.4.1.3 Accelerometers 
Accelerometers are another type of activity monitor which can be used to collect objective 
data on physical activity behaviour.  Recent technological advances have seen a dramatic 
increase in the use of accelerometers within physical activity research (de Vries et al. 2009; 
Rowlands 2007). 
 
Accelerometers measure acceleration of the body part to which they are attached (de Vries et 
al. 2009).  The sensors in early accelerometer models were a piezoelectric element and a 
seismic mass attached to a piezoceramic cantilever arm (Chen and Bassett 2005).  More 
recent generations of accelerometers contain a Micro-Electro-Mechanical System (MEMS) 
solid state accelerometer (John et al. 2010).  Both sensors detect acceleration or change in 
velocity over time (Corder et al. 2008).  The theoretical basis for their use in physical 
activity measurement is that acceleration of the body is directly proportional to the muscular 
forces generated, which relates directly to energy expenditure (Freedson and Miller 2000), 
although their ability to accurately estimate energy expenditure in young children is still 
questionable (de Vries et al. 2006). 
 
Several reviews have concluded that accelerometers provide a reliable, valid and practical 
means of objectively measuring physical activity (Corder et al. 2008; Oliver et al. 2007b; 
Reilly et al. 2008).  Accelerometers have the advantage over HR and pedometry in being 
able to provide information on the frequency, intensity and duration of physical activity 
undertaken.  Recent technical advances in memory capacity and battery life means that data 
can be stored over extended periods of time, with up to 356 days of data collection possible 
with some models (de Vries et al. 2009).  Unlike direct observation methods, there is low 
researcher burden with accelerometers and they are free from researcher bias (Oliver et al. 
2007b).  Compared to methods such as DLW and indirect calorimetry, accelerometers are 
relatively inexpensive, light weight and unobtrusive (usually worn clipped to a waist-band) 
and are reported to be tolerated by children, with low reactivity (de Vries et al. 2006; 
Vincent and Pangrazi 2002).  However, similar to pedometers, accelerometers are unable to 
take into account the increased energy expenditure with upper limb movements (unless 
attached to the arms) or to assess activities such as cycling or walking on a graded terrain 
(Janz 2006).  Despite these limitations accelerometry is the most frequently used method for 
objectively measuring physical activity in research with pre-school children (Oliver et al. 
2007b). 
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Accelerometers can be used to measure acceleration of the body in one, two or three 
orthogonal planes (vertical, mediolateral and anteroposterior planes).  Several models of 
accelerometer are commercially available, however, the most frequently used accelerometer 
to date in studies of pre-school children has been the uniaxial Actigraph accelerometer, 
either the 7164 Actigraph model (Actigraph, Fort Walton Beach, FL, USA) or the GT1M 
model (Actigraph, Fort Walton Beach, FL, USA) (de Vries et al. 2009; Pate et al. 2010; 
Trost et al. 2011).  The 7164 Actigraph model was earlier known as the Computer Science 
Applications 7164 model (CSA 7164 model) and the MTI 7164 model, and for the purposes 
of this thesis it will be referred to as the 7164 model. 
 
 Uniaxial models, such as the GT1M and the 7164 are usually worn on a belt around the 
waist in a position which aligns the sensitive axis with the vertical plane.  The activPAL
TM 
(PAL technologies Ltd, Glasgow, UK) is an activity logger which incorporates a uniaxial 
accelerometer and is attached to the thigh mid-way between the hip and knee (Godfrey et al. 
2007; Godfrey et al. 2008).  The advantage of this positioning is that the accelerometer is 
able to distinguish between static postures for example sitting/lying, and standing, and the 
dynamic activity of movement (Godfrey et al. 2007).   
 
Omnidirectional accelerometers are available, such as the Actical (Mini Mitter Co., Inc., 
Bend OR, USA) and the Actiwatch (Mini Mitter Co., Inc., Bend OR,USA).  Omnidirectional 
accelerometers are sensitive to motion in any direction but are most sensitive to acceleration 
in the vertical plane (Chen and Bassett 2005).  It has been argued that as omnidirectional 
accelerometers can only measure acceleration in one plane at a time, that they therefore 
function as a single axis accelerometer (Pate et al. 2010; Pfeiffer et al. 2006).  Also available 
are triaxial accelerometers, such as the RT3 (Stayhealthy, Inc., Monrovia, CA, USA), 
Tritrac-R3D (Hemokinetics, Inc./Professional Products, Division of Reining International 
Ltd., Madison, WI, USA) and the GT3X and GT3X+ (Actigraph, Fort Walton Beach, FL, 
USA) which measure acceleration in three planes (vertical, AP, ML).  These accelerometers 
provide a value for acceleration recorded in each plane, as well as a composite value known 
as the vector magnitude value (de Vries et al. 2009).  
 
Although the more recent GT3X model from Actigraph has the capacity to provide raw 
acceleration data in a filtered or unfiltered mode, in many studies the data output are 
expressed in terms of activity counts which are collected over an epoch period (Freedson et 
al. 2012).  The epoch is set prior to data collection and is usually between 1 and 60 seconds.   
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Accelerometry counts are arbitrary, having no biological meaning per se (Reilly et al. 2008) 
and even when subjected to the same acceleration the count outputs from different types of 
accelerometers are not comparable due to the differences in the transducers, sampling 
frequencies and signal filters of different accelerometer models (Chen and Bassett 2005; 
Chen et al. 2012).  Calibration studies have therefore been undertaken to convert the count 
output into a biologically meaningful format (Freedson et al. 2005). This has resulted in 
establishing ranges of counts (cut-points) to correspond with different intensity thresholds 
(Freedson et al. 2005) allowing researchers to express count data as time spent at different 
intensities (Bassett et al. 2012).  However, a wide range of varying cut-points has been 
proposed and there is no consensus on which is appropriate (Ekelund et al. 2011; Reilly et al. 
2008).  Some accelerometer models also provide data on energy expenditure, however it is 
argued that these data are not accurate for children under the age of 10 years, as the 
calculations are based on adult values of energy expenditure (de Vries et al. 2006).  Finally, 
some researchers have used accelerometry count data to predict energy expenditure using 
prediction equations. While these prediction equations seem valid for physical activity 
undertaken by children in a laboratory-based setting, they are not necessarily valid for use in 
free-living conditions (Kristensen et al. 2008; Nilsson et al. 2008).  Therefore, time spent at 
different intensities using the accelerometry counts is most frequently reported in the 
literature.  How the count data should be interpreted, however, is a contentious issue and the 
specific concerns associated with data processing, analysis and interpretation is one area 
which this thesis seeks to address (Cliff et al. 2009b). 
 
Despite the limitations with accelerometers, they have been used and continue to be used to 
measure habitual physical activity of children in several large-scale population-based studies 
such the Millennium Cohort Study in the UK (Basterfield et al. 2011) and the National 
Health and Nutritional Examination Survey (NHANES) in the USA (Troiano et al. 2008). 
 
Table 1.8 Summarises studies which have investigated the validity and reliability of 
accelerometers with pre-school children.  
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Table 1.8: Summary of validation studies of accelerometers with pre-school children. 
Accelerometer 
make & model 
Author No. 
participants 
(n), age range, 
mean (SD) 
Method Criterion 
method 
Validity Reliability 
Actigraph (GT1M) De Decker et al. 
(2013) 
52, 
4 - 6 y 
5 day free-living 
1 hour classroom observation 
Direct 
observation  
Sed: Sen: 58.5%; Sp: 61.2% 
ROC:0.6; 
Sed including standing:  
Sen: 46.3%; Sp: 75.8% 
NA 
Actigraph (7164) Fairweather et al. 
(1999) 
11, 
3.7 (0.5) y 
40 - 50 min of structured 
play. 
CPAF r = 0.87 (p < 0.01) r = 0.98-0.99  
Actigraph (7164) Hands et al. 
(2006) 
24, 
5 - 6 y 
30 min free-play over 5 days CARS r = 0.5 (n = 24) r = 0.8 (n = 
23) when child on swing 
removed from analysis). 
NA 
Actigraph (7164) Kelly et al. (2004) 78, 
3 - 4 y 
35 - 45 min of structured 
play. 
CPAF r = 0.72 (p < 0.001) NA 
Actigraph (7164) McIver et al. 
(2005) 
30, 
4.4 y  
Structured activity and free-
play. Worn on hip and back. 
VO2 
(portable 
metabolic unit) 
Rest and structured: Hip 
position r = 0.78 (p = 0.018); 
back position r = 0.68 
Free-play: hip position 
r = 0.35; back position r = 0.45  
Inter-
instrument 
reliability 
r = 0.73 & 
r = 0.78 
Actigraph (7164) Montgomery et 
al. (2004) 
104, 
2 - 7 y 
3 days with pre-school 
children, 7 - 10 days with 
school aged children 
% time in LPA; % time in 
MVPA;% time in Sed 
DLW Sed: r = -0.33 
LPA: r = 0.31  
MVPA: r = 0.22  
TPA: r = 0.33  
NA 
Actigraph (7164) Pate et al. (2006) 29, 
3 - 5 y,  
4.4 (0.8)y 
Rest and structured activities, 
cross validation with 
unstructured activities indoor 
and outdoor 
VO2 
(portable 
metabolic unit) 
VO2 and counts  
rs  = 0.82 
NA 
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Accelerometer 
make & model 
Author No. 
participants 
(n), age range, 
mean (SD) 
Method Criterion 
method 
Validity Reliability 
Actigraph (7164) Reilly et al. 
(2003) 
50, 
3 - 4 y 
In nursery 
Free-play activities. 
CPAF Sed: Sen: 83 (14)%; Sp: 82 
(11)% 
NA 
Actigraph (7164) Reilly et al. 
(2006a) 
85, 
4.6 (1.1) y 
3 - 7 days 
Free living 
DLW Mean error (LOA) with 
Ekelund et al. equation: +0.3 
MJ∙d-1 (-3.7 to 4.3) 
Puyau et al. equation: -0.3 
MJ∙d-1 (3.2 to -3.8) 
NA 
Actigraph (7164) Sirard et al. 
(2005) 
269, 
3 - 5 y, 
Reliability: 
16, 
3 - 5 y 
1 hour over 1 - 3 days in 
nursery.  
Free-play  
 
CARS rp = 0.46 to 0.70 (p < 0.001) ICC = 0.84 
Actigraph (7164) Toschke et al. 
(2007) 
11, 
5 - 6 y 
5 days free-living. Two 
accelerometers: one over hip 
& one over umbilicus 
NA NA Inter instrument 
reliability 
r = 0.95 
however 
umbilicus were 
1.5 (+50cpm) 
higher 
Actiheart Adolph et al. 
(2012) 
64, 
4.5 (0.8) y 
3 hour of play, slow, 
moderate and fast 
translocation  
VO2  
(whole room 
calorimetry) 
True positives predictive rates: 
Sed: 75% 
LPA: 61% 
MVPA: 82% 
NA 
Actical Adolph et al. 
(2012) 
64, 
4.5 (0.8) y 
3 hour of play, slow, 
moderate and fast 
translocation 
VO2  
(whole room 
calorimetry) 
True positives predictive rates: 
Sed: 77% 
LPA: 63% 
MVPA: 69% 
NA 
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Accelerometer 
make & model 
Author No. 
participants 
(n), age range, 
mean (SD) 
Method Criterion 
method 
Validity Reliability 
Actical Evenson et al. 
(2008) 
33, 
5 - 9 y 
Structured play, walk, run. VO2 
(portable 
metabolic unit) 
Sed: Sen: 97%; Sp: 98% 
MPA: Sen: 78%; Sp: 79% 
VPA: Sen: 77%; Sp: 79% 
NA 
Actical Pfeffier et al. 
(2005) 
18, 
4.4 (0.7) y 
Resting, structured activities. 
20 min of unstructured 
activities indoor and 
outdoors 
VO2 
(portable 
metabolic unit) 
VO2 and counts 
rp = 0.75 
 
ICC: 0.5 
Actical Pfeiffer et al. 
(2006) 
18, 
3 - 5 y, 
4.4 (0.7) y 
Rest, structured. 
20 min of unstructured 
activities indoor and 
outdoors 
VO2 
(portable 
metabolic unit) 
VO2 and counts 
rp = 0.89 
NA 
activPAL
TM
 Davies et al. 
(2012a) 
Validation study 
30, 
 4.1 y, 
Reliability study 
20, 
4.4 y 
Study 1: 1 hour direct 
observation 
Study 2: 7 consecutive 24 
hour period 
Study 1: Direct 
observation  
Median values: 
Sit/lie: Sen: 92.8%; Sp: 97.3% 
Stand: Sen: 91.8%; Sp: 86.5% 
Walk: Sen: 77.9%; Sp: 96.5% 
ICC ranged 
from 0.37 to 
0.93 
With > 0.8 for 
5 or more days 
of monitoring 
activPAL
TM
 
 
De Decker et al. 
(2013) 
52, 
4 - 6 y 
5 day free-living 
1 hour classroom observation 
Direct 
observation  
activPAL
TM
: Sed: Sen: 53.8%; 
Sp: 67.5%; ROC: 0.61 
Sed including standing: Sen: 
27.8%; Sp: 75.8%; ROC: 0.52 
NA 
Actiwatch Finn and Specker 
(2000) 
40, 
3 - 4 y 
5 - 6 hour of direct 
observation free-living 
CARS r = 0.03 - 0.92 (mean 0.74) 
(p < 0.01) 
NA 
Actiwatch Kelly et al. (2004) 78, 
3 - 4 y 
35 - 45 min of structured 
play 
CPAF r = 0.16 (p > 0.05) NA 
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Accelerometer 
make & model 
Author No. 
participants 
(n), age range, 
mean (SD) 
Method Criterion 
method 
Validity Reliability 
RT3 Adolph et al. 
(2012) 
64, 
4.5 (0.8) y 
3 hours of play, slow, 
moderate and fast 
translocation 
VO2  
(whole room 
calorimetry) 
True positives predictive rates: 
Sed: 76% 
LPA: 65% 
MVPA: 79% 
NA 
Tracmor Hoos et al. (2003) 11, 
3 - 12 y 
2 week data collection, 
free-living activities 
DLW r = 0.79 (p < 0.01) NA 
CPAF: Children’s Physical Activity Form. CARS: Children’s Activity Rating Scale; DLW: Doubly labeled water; ICC: inter class correlation 
coefficient; LPA: light physical activity; MPA: moderate physical activity; MVPA: moderate-to-vigorous physical activity; NA: not assessed; 
ROC: Receiver Operating Characteristic Curve; rp: Pearson’s correlation; rs: Spearman’s correlation; Sed: sedentary behaviour; Sen: sensitivity; 
Sp: specificity; VPA: vigorous physical activity. 
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Seventeen studies were reviewed. Of these ten investigated the criterion validity of the 
Actigraph accelerometer. The Actigraph was validated against DLW in two studies 
(Montgomery et al. 2004; Reilly et al. 2006a), indirect calorimetry in a further two studies 
(McIver et al. 2005; Pate et al. 2006) and six studies used direct observation as a criterion 
measure (De Decker et al. 2013; Fairweather et al. 1999; Hands et al. 2006; Kelly et al. 
2004; Reilly et al. 2003; Sirard et al. 2005).  The results suggest a poor correlation between 
the Actigraph output and EE as measured by DLW (r = 0.22 - 0.33) (Montgomery et al. 
2004), with one study concluding that the Actigraph is inadequate at estimating free-living 
TEE (Reilly et al. 2006a).  There were moderate to high correlations with indirect 
calorimetry with studies of structured activities (r = 0.68 - 0.82) (McIver et al. 2005).  
Slightly lower correlation values for the Actigraph and direct observation were reported for 
free-play activities in one study (r = 0.35 - 0.45) (McIver et al. 2005) but a higher value was 
reported in another study which included both structured and free-play activities (Pate et al. 
2006).  In the studies which set out to validate the Actigraph with direct observation, 
correlations were generally moderate to high (r = 0.46 - 0.87) (Fairweather et al. 1999; Kelly 
et al. 2004; Sirard et al. 2005), except in one study where the correlation was lower (r = 0.5) 
(Hands et al. 2006) until one participant who was on a swing was excluded (r = 0.8). 
 
One study investigated the validity of the Actigraph when distinguishing between different 
sedentary postures (sitting and standing) (Davies et al. 2012a).  The results suggested that the 
receiver operator characteristic (ROC) was poor (0.6), with low sensitivity (58.5%) and 
specificity (61.2%).  The inability to distinguish between postures such as lying, sitting and 
standing is a known limitation of many models of accelerometers.  Being able to distinguish 
between postures is important if researchers wish to distinguish between sitting and standing 
as sedentary behaviours.  The activPAL
TM
, which is positioned on the anterior aspect of the 
upper thigh, is able to detect postures as a result of the inclination of the thigh (De Decker et 
al. 2013) and the activPAL
TM
 has demonstrated good validity with adults (Godfrey et al. 
2007; Grant et al. 2006).  There are a few validations studies which have used the 
activPAL
TM
 with pre-school children and in these there are conflicting findings.  Davies et 
al. (2012a) reported good sensitivity and specificity when distinguishing between postures 
(Sensitivity: 78 - 93%; Specificity: 87 - 97%), while De Decker et al. (2013) reported poor 
sensitivity and specificity when distinguishing between sitting and standing (Sensitivity 
53.8% and Specificity 67.5%).  Interestingly, in the same study, the sensitivity and 
specificity values for the activPAL
TM
 were similar to those reported for the Actigraph.  The 
convergent validity of the activPAL
TM
 and Actigraph evaluated from 7 days of free-living in 
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pre-school children (n = 23, 4.5 (0.7) y) reported small but significant differences between 
the monitors for sedentary behaviour, but stated that these were acceptable at a group level 
(Martin et al. 2011).  Another possible limitation of the activPAL
TM
 is whether wearing the 
monitor taped to the front of the thigh would be tolerated by young children.  In their study 
of 52 pre-school children De Decker et al. (2013) remarked that 38% of parents reported 
their children had skin irritation due to taping the activPAL
TM
 to the thigh.  
 
The validation studies of the other models of accelerometer suggest that the Actiwatch had 
variable validity against direct observation (r = 0.16 - 0.92) (Finn and Specker 2000; Kelly et 
al. 2004); the Tracmor had good validity with DLW (Hoos et al. 2003) and validity of the 
Actical was high against VO2 (r = 0.75 - 0.89) (Evenson et al. 2008; Pfeiffer et al. 2006). 
 
In the studies which investigated reliability of accelerometers these values were generally 
high (r = 0.73 to 0.95) for the Actigraph (McIver et al. 2005; Sirard et al. 2005; Toschke et 
al. 2007).  However, in the Toschke et al. (2007) study, while the correlation between two 
accelerometers was high the monitor positioned at the umbilicus recorded 1.5 times 
(+50 cpm) higher than a monitor positioned over the hip in data collected from pre-school 
children over 5 days (n = 11).  This highlights the limitation of relying on correlational 
analysis which can present a strong association which can overlook systematic bias (Oliver 
et al. 2007b).  
 
The reliability of the Actiwatch was variable (r = 0.37 - 0.93) (Finn and Specker 2000; Kelly 
et al. 2004) and the Actical had reasonable reliability (ICC= 0.5) (Pfeiffer et al. 2006). 
 
In summary, the Actigraph accelerometer has undergone the greatest number of validation 
studies with pre-school children in comparison to other models.  The results of the validation 
studies suggest that it has good validity against indirect calorimetry (McIver et al. 2005; Pate 
et al. 2006) and direct observation measures (Fairweather et al. 1999; Kelly et al. 2004; 
Sirard et al. 2005).  The validity of Actigraph accelerometers to estimate TEE, however, is 
poor (Reilly et al. 2006a) and therefore the Actigraph is possibly most useful as a 
behavioural measure of physical activity.  The Actigraph has been found to be a reliable 
instrument for measurement of physical activity in pre-school children, although its ability to 
distinguish between sedentary behaviours such as standing and sitting is poor.  While there 
are promising results from the activPAL
TM
 to distinguish between different postures 
(lying/sitting, standing and walking) (Davies et al. 2012a), it is unclear whether the 
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application of the monitor to the thigh might impact on compliance of young children over 
extended periods of time.  It is not clear if the activPAL
TM
 accelerometer performs better 
than the Actigraph in distinguishing between sedentary and non-sedentary activities in 
pre-school children (De Decker et al. 2013).  Therefore, for the purposes of this thesis the 
Actigraph accelerometer was selected as accelerometer for measurement of habitual physical 
activity in pre-school children. 
 
1.5.5 Summary 
The decision of which method to adopt for measuring physical activity in young children 
depends on the purpose and scope of the study.  If the interest is in energy expenditure then 
methods such as DLW and indirect calorimetry are the criterion measures (Oliver et al. 
2007b).  These methods do, however, require expensive equipment, and indirect calorimetry 
may not be tolerated or feasible over an extended period of time by young children, limiting 
their usability.  In large populations subjective measures are cheap and easy to use, but are 
limited for use in young children, as accurate recall is problematic (Pate et al. 2010) and 
proxy reporting may be subject to reporting bias (Noland et al. 1990).  Direct observation is 
considered to be a criterion method for measuring physical activity in young children (Kelly 
et al. 2004), however the high investigator burden limits its use for data collection over 
extended periods of time.  Heart-rate monitors, pedometers and accelerometers offer the 
opportunity for objective measurement of physical activity in large populations in a 
cost-effective manner.  Each method has advantages and disadvantages.  However, 
accelerometry can provide an objective means of measuring of habitual activity over several 
days which does not require the individual calibration needed for HR monitoring.  In 
addition, accelerometers can collect and store information on the intensity, duration and 
frequency of physical activity over a period of days or months, a facility which is not 
available with pedometers.  Of the accelerometers available, the Actigraph offers a valid and 
reliable means of objectively measuring physical activity.  There are however, 
methodological decisions around the use of accelerometers which need to be clarified, as 
variability in approaches to data collection and analysis can lead to marked differences in 
estimations of physical activity and sedentary behaviour. The methodological questions 
concerning the use of accelerometers will be considered in the next section 
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1.6 METHODOLOGICAL CONSIDERATIONS IN THE USE OF 
ACCELEROMETERS 
1.6.1 Introduction 
This final section of the literature review will discuss the outstanding methodological 
questions concerning the use of accelerometers which this thesis seeks to address. 
 
1.6.2 Which epoch is most accurate? 
The accelerometry output of counts is the summation of the filtered acceleration signals over 
a user-specified time interval which is commonly referred to as an epoch and epochs usually 
range from 1 s to 60 s (Ayabe et al. 2013; Trost et al. 2005).  At the end of each epoch the 
counts are then stored in the memory of the accelerometer for the duration of the data 
collection period.  The limited memory capabilities of early generation accelerometers meant 
that the 1 minute sampling period was the shortest epoch which would allow for data to be 
collected over a number of days (Gabriel et al. 2010).  Therefore, prior to 2005 most of the 
accelerometry studies which explored habitual physical activity of children collected data in 
1-minute epochs (Fisher et al. 2005a; Heelan and Eisenmann 2006; Janz et al. 2004; Janz et 
al. 2010; Kelly et al. 2006; Kelly et al. 2007; Roemmich et al. 2006; Telford et al. 2005).  
Technical advances have resulted in improved data storage capabilities in modern 
accelerometers which permits the use of shorter epochs to collect data over extended periods 
of time (Gabriel et al. 2010).   
 
The implications of using different epochs to collect data on habitual physical activity 
estimates have been debated within the literature (Cliff et al. 2009b) and the issue is often 
referred to as an ‘epoch effect’.  It has been argued that shorter epochs may be particularly 
important for capturing physical activity behaviour of young children, who are believed to 
typically engage in short, sporadic bursts of high intensity physical activity, interspersed 
with varying periods of low or moderate duration activity (Bailey et al. 1995).  It is possible 
that using 1-minute epochs could result in a ‘smoothing effect’, whereby vigorous activity is 
obscured and underestimated as a result of ‘averaging’ a short episode of high intensity 
physical activity with a longer period of low intensity physical activity in the same epoch 
(Trost 2001).  However, while it has been hypothesised that there may be benefits in using 
shorter epochs to improve accuracy of estimates of time spent at various intensities of 
physical activity (McClain et al. 2008), there is no empirical evidence of this for pre-school 
children and a consensus over which epoch to use has not been agreed (Cliff et al. 2009b).  
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Studies of school-aged children have investigated the implications of using different epochs 
for data collection.  McGrath and Hinckson (2009) compared Actical accelerometer data 
collected in 15- and 60-s sampling periods in a study of 79 children (mean (SD) age: 9.7 
(0.4) y) over 7 days. The 60-s epoch led to under-recording of vigorous activity by 50% and 
sedentary behaviour by 20%.  Similarly, Nilsson et al. (2002) found a shorter epoch resulted 
in significantly more time in high (p < 0.01) and very high (p < 0.01) intensity activities in 
data collected in 5-s epochs re-integrated into 10-, 20-, 40- and 60-s epochs from children (n 
= 16, 7 y), measured over a 4-day period using a 7164 accelerometer.  However, there was 
no significant epoch effect for time spent at moderate intensity between any of the epoch 
settings.  
 
Rowlands et al. (2006), also found that the number of minutes spent in very vigorous activity 
was significantly underestimated when 60-s epochs were used as opposed to 1-s epochs with 
the RT3 accelerometer.  Although using 1-s epochs may be advantageous, the RT3 can only 
collect vector magnitude data (a measure combining data from three axes of motion) for a 
maximum of 9 hours at 1-s epochs, which limits the use of shorter epochs for this model. 
 
One study by Mahar et al. (2008) has explored the epoch effect with pre-school children, 
where Actigraph data collected in 1-s epochs from 72 children (mean (SD) age: 3.9 (0.6) y) 
over 9 hours were reintegrated into 3-, 5-, 15-, 30- and 60-s epochs.  The authors reported 
that using longer epochs resulted in significantly fewer minutes of moderate, MVPA, and 
vigorous intensity physical activity (p < 0.01).  However, details of the study, including the 
cut-points used, which model of Actigraph accelerometer was used, and the resulting time 
spent at each intensity, were not provided.  This limits the ability to determine whether the 
time differences would be considered biologically meaningful. 
 
A large scale study by Edwardson & Gorely (2010), where accelerometry data were 
collected over 7 days from 311 children (7 - 11 y), also reported a significant epoch effect, 
between the means of the total number of minutes spent in MVPA between all epochs (5-s 
reintegrated into 15-, 30- and 60-s epochs).  Interestingly, a shorter epoch length resulted in 
less time in MVPA, moderate (MPA) and light intensity physical activity (LPA) but more 
time in vigorous intensity physical activity (VPA).  These differences, however may be 
partly explained by the use of different cut-points between studies, which makes 
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cross-comparison difficult.  The methodological issue of different cut-points will be 
discussed in section 1.6.4. 
 
McClain et al. (2008) highlighted the need to consider the interaction between cut-points and 
epoch lengths.  Estimates of physical activity were compared against the direct observation 
tool Computerized System for Observing Fitness Instruction Time (C-SOFIT) in 32 children 
(mean (SD) age: 10.3 (0.5) y) during a 30-minute Physical Education class.  Cut-points from 
Treuth et al. (2004a), Mattocks et al. (2007) and Freedson et al. (2005) were applied to data 
collected in 5-s epochs reintegrated into 10-, 15-, 20-, 30- and 60-s epochs.  While 
significant differences were reported between all epochs and C-SOFIT for the Treuth et al. 
(2004a) and Mattocks et al. (2007) cut-points, no significant difference was found for the 
Freedson et al. (2005) cut-points and the C-SOFIT for all epochs.  While the outcome 
between epochs using the Freedson et al. (2005) cut-points were reported as being 
comparable, shorter epochs resulted in less individual error in estimates of MVPA.  
 
In a more recent study of 86 children aged 4 - 10 y, Ojiambo et al. (2011) also reported that 
choice of epoch and cut-point significantly affected the classification of sedentary time and 
MVPA in data collected over a 6-day period.  Importantly, when applying the Pate et al. 
(2006) cut-points, epoch length influenced the percentages of children seen to be complying 
with guidelines for MVPA, from 63% to 84% with 60-s and 15-s epochs respectively.  
 
Finally, although some studies have divided the cut-point values developed from calibration 
studies using longer epochs to apply these to data collected in shorter epochs (Nilsson et al. 
2002), McClain et al. (2008) cautions against the use of epoch adjusted cut-points until their 
validity has been established (McClain et al. 2008).  However, a recent study by Jimmy et al. 
(2012) compared the effect of epoch on cut-points with data collected from 22 children aged 
4 - 9 y (mean (SD) age: 6.71 (1.4) y).  The authors concluded that the epoch does not seem to 
influence the cut-point values and that cut-points developed from longer epoch studies could 
be used in studies that apply a shorter epoch, through division by the appropriate factor.  
Despite this, there is limited evidence of the influence of epoch in studies of pre-school 
children and the implications of different epochs for the validity of cut-points is unknown.  
 
In summary, studies of school-aged children suggest that shorter epochs improve sensitivity 
for detecting of VPA and very vigorous physical activity (Dorsey et al. 2009).  While 
differences have been reported with the use of different epochs the biological significance of 
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these has yet to be determined (Cliff et al. 2009b).  In addition, whether any differences are 
apparent with pre-school children has not been established and which epoch or cut-points are 
most appropriate have yet to be determined (Ojiambo et al. 2011).  Research is therefore 
needed to determine whether shorter epochs offer a more accurate means of quantifying 
physical activity levels in pre-school children (Welk et al. 2000b). 
 
The first aim of this thesis was to determine whether shorter epochs offer a more accurate 
means of quantifying physical activity levels in pre-school children. This will bring new 
information to the field on the optimum epoch to use in studies which seek to explore 
habitual physical activity in pre-school children.  A summary of the research question, aims 
and objectives are given in Table 1.9 
  
Table 1.9: Research question and aims: studies of epoch effect.  
Questions:  
 What are the implications of shorter epochs on estimates of physical activity 
and sedentary behaviour in pre-school children (i.e. is there an ‘epoch effect’)? 
 Which epoch is most accurate for measurement of physical activity in 
pre-school children?  
Aims:  
 To examine the influence of epochs on estimates of MVPA and sedentary 
behaviour of pre-school children with 7 - 10 days of free-living accelerometry 
data (Chapter 3). 
 To determine which epoch is most accurate for measuring physical activity in 
pre-school children during free-play (Chapter 4). 
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1.6.3 Are there advantages to using triaxial accelerometry? 
As discussed earlier in this chapter, different models of accelerometer exist which can 
measure acceleration of the body in one (vertical), two (vertical and mediolateral) or three 
(vertical, anteroposterior, mediolateral) planes (Vanhees et al. 2005).  In addition, 
omnidirectional accelerometers are available which measure acceleration in any direction but 
are most sensitive in the vertical plane (Chen and Bassett 2005).  The majority of studies 
with pre-school children to date have used uniaxial accelerometers (Taylor et al. 2009; Vale 
et al. 2010).  The accuracy of studies which have used uniaxial accelerometers have been 
called into question as they are unable to detect movement in three dimensional planes (Trost 
et al. 2005) and debate exists about whether triaxial accelerometers would provide a more 
accurate estimate of pre-school children’s physical activity (Cliff et al. 2009b). 
 
There is some evidence to suggest that triaxial accelerometers may provide a more accurate 
estimate of physical activity in children compared to uniaxial models (Louie et al. 1999; Ott 
et al. 2000; Ott et al. 2000; Welk 2005).  However, the differences in output between models 
are usually small and the correlation in the output is high which could indicate that similar 
information is being gathered (Rowlands and Eston 2007; Trost et al. 2005).  Therefore 
despite the theoretical advantages of triaxial accelerometers over uniaxial monitors the 
benefits have not been established (Sirard and Pate 2001) and in addition this has not been 
adequately investigated with pre-school children (Cliff et al. 2009b). 
 
One study by Kelly et al. (2004) compared both the uniaxial 7164 accelerometer and the 
omnidirectional Actiwatch (Mini Mitter Co., Inc., Bend OR) accelerometer against the direct 
observation tool the Children’s Physical Activity Form (CPAF) in 78, 3- to 4-year-old 
children.  The results suggested that the uniaxial accelerometry was significantly correlated 
against direct observation (r = 0.72, p < 0.001), while the Actiwatch was not (r = 0.16 
p > 0.05).  While these findings suggest no advantage of an omnidirectional accelerometer, 
the results should be viewed with caution given the limited validity of the CPAF.  As already 
discussed, there are also limitations with using correlation methods for testing validity, 
which can fail to detect systematic differences between variables (Bland and Altman 1986). 
 
To date there have been no studies which have explored whether there are advantages to 
using triaxial accelerometers to measure physical activity behaviour in pre-school children.  
The second aim of this thesis was to determine whether there were advantages to using 
 51 
 
triaxial accelerometry to measure physical activity behaviour of pre-school children. A 
summary of the research question, aims and objectives are given in Table 1.10. 
 
Table 1.10: Research question and aim: study to compare triaxial versus uniaxial 
accelerometry. 
Question:  
 Are there advantages to using triaxial over uniaxial accelerometry to measure 
physical activity in pre-school children? 
Aim:  
 To investigate whether there are advantages to using triaxial over uniaxial 
accelerometry to measure physical activity in pre-school children during 
free-play (Chapter 5). 
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1.6.4 Which cut-points are most accurate? 
Methodological issues remain around how accelerometry count data should be processed and 
interpreted to provide meaningful information needed for physical activity research (Cliff et 
al. 2009b). 
 
Usually this is achieved through a process of calibration, whereby accelerometry counts are 
calibrated against a criterion measure, in order to convert the count output into a biologically 
meaningful format (Freedson et al. 2005).  Methods such as indirect calorimetry or direct 
observation have been used as criterion measures, against which a range of count thresholds 
for different intensities of physical activity have been established (Freedson et al. 2005).  
However, the problem is that a number of calibration studies have been undertaken and a 
wide and divergent range of cut-points have been proposed and there is no consensus as to 
which cut-point to use (Ekelund et al. 2011; Reilly et al. 2008).   
 
One problem is that many studies have calibrated cut-points against energy expenditure 
using linear regression analysis to establish ranges of accelerometer counts (cut-points) 
(Freedson et al. 2005).  It is argued that there are issues with calibrating accelerometry data, 
which is a biomechanical measure of physical activity with energy expenditure and oxygen 
consumption, which are biological measures of physical activity (Freedson et al. 2005).  In 
particular there are challenges with using biological measures of physical activity with 
children where the metabolic cost of movement, expressed relative to body mass (ml∙kg-
1∙min-1), decreases as children mature (Davis 1980).  Accelerometers have frequently been 
validated against indirect calorimetry and calibrated in terms of resting metabolic equivalents 
(METs).  However, as discussed in section 1.3.1 (p 2), the use of 1 MET as being 3.5 ml∙kg-
1∙min-1, as used in adult studies, is not applicable for use with children as their resting 
metabolic rates (RMR) are much higher.  Using adult measures to represent RMR can 
therefore introduce systematic error and the cut-points derived from adult studies are not 
appropriate to apply to data collected from children (Treuth et al. 2004a).  To ensure 
accuracy it is important that calibration studies include a measure of a child’s RMR so that 
these can be used to estimate the child’s own MET values. While this individual calibration 
approach is useful it possibly limits the feasibility of using accelerometers to estimate EE in 
large population-based studies.  
 
According to Freedson et al. (2005), calibration of activity counts using behavioural 
approaches, such as direct observation methods, offers an alternative to biological calibration 
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methods which are useful when researchers are interested in patterns and determinants of 
physical activity.  It is argued that observation systems avoid interpretation errors associated 
with METs and errors associated with extrapolation from treadmill activity to free-living 
behaviours.  They may also be particularly useful with studies of young children where 
measurement and interpretation of energy expenditure can be difficult (Freedson et al. 2005; 
Oliver et al. 2007b).   
 
1.6.4.1.1 Calibration studies of Actigraph cut-point for children 
Table 1.11 presents a summary of calibration studies for the Actigraph accelerometer in 
school-aged children and adolescents (children aged > 5 to 18 y).  To allow cross 
comparison between studies the cut-points published as 1-min epochs have been divided to 
provide a value for 15 s (Nilsson et al. 2002).  The reason for considering calibration studies 
conducted with school-aged children is that many of the cut-points developed from these 
studies have been applied in studies of pre-school children and there is a debate over whether 
age specific cut-points are required (Mackintosh et al. 2012) or not (Evenson et al. 2008).  A 
range of different cut-points have been proposed and these may be as a result of differences 
in criterion measures as well as differences in the protocol used in calibration studies. Some 
studies have made use of protocols which include treadmill-based activities (Dowda et al. 
1997; Freedson et al. 1997) and others include structured or unstructured activities (Mattocks 
et al. 2007).  In addition the criteria used for determining different intensities of activity and 
the activities included within the different categories of intensity of activity, vary between 
studies.  For example, some studies include standing as a sedentary activity (Sirard et al. 
2005), while others categorise standing as a light intensity physical activity (Trost et al. 
2012). 
 
Puyau et al. (2004), calibrated cut-points for the 7164 accelerometer using a room 
calorimeter (n = 26, age: 6 to 16 y).  Children and adolescent participants were asked to 
undertake structured activities that included treadmill walking and running.  While MET 
levels were calculated in terms of the child’s individual RMR, they were not used to define 
thresholds for intensity.  These were instead defined in terms of activity energy expenditure 
(AEE), calculated as EE - RMR.  Light activity was defined as activities involving low level 
exertion in the standing position, moderate activities involved medium exertion in the 
standing position and vigorous activity involved high level exertion in the standing position.  
It was found that while the relationship between EE and counts was dependent on age, the 
relationship between AEE and counts was independent of age and sex, with age not 
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significantly altering the prediction of AEE from counts.  A linear regression of AEE on 
activity counts was used to define threshold counts for sedentary, LPA, moderate and 
vigorous activity. There are, however, known issues with the use of linear regression 
equations, as aerobic energy expenditure is often non-linear in nature at its upper levels due 
to the contribution of anaerobic energy sources (Freedson et al. 2005).  In addition, during 
intermittent free-play type activities the relationship between counts and energy expenditure 
is also not thought to be linear (Matthews 2005).  Finally, there are problems with linear 
regression equations used in the calibration of Actigraph accelerometers, where counts at 
higher intensity have been shown not to increase linearly (Brage et al. 2003). 
 
Freedson et al. (1997) calibrated cut-points for children (n = 80, age: 6 to 17 y) during 
walking and running on a treadmill.  The calculation was made using accelerometer counts 
and respiratory gas exchange through a minute-by-minute analysis.  A limitation of this 
study was that it was based on treadmill activity only and did not include any of the 
free-living activities which are typical of children. 
 
In another calibration study, Dowda et al. (1997) calibrated the 7164 accelerometer 
cut-points (n = 80, 6 to 18 y) in children against indirect calorimetry during treadmill 
walking and running.  In the study the researchers calculated count thresholds for a given 
MET value.  The authors used pre-defined MET thresholds for moderate activity as three to 
5.99 METs, vigorous as six to 8.99 METs and very vigorous physical activity as more than 
or equal to nine METs.  When exploring different treadmill walking speeds the authors 
identified age-specific count thresholds which corresponded to the pre-defined METs values 
(see Table 1.11).  It was interesting to note that even at the slowest treadmill speeds children 
below the age of 12 had an energy expenditure of ≥ 3.8 METs.  A limitation of this study is 
that details of how the MET values were calculated, and if these were based on individual 
RMR, are unclear. 
 
There is concern over the use of three METs as a threshold for moderate intensity physical 
activity in children.  This was highlighted in a study by Treuth et al. (2004a), where the 7164 
accelerometer was calibrated against heart-rate and indirect calorimetry in 74 females aged 
13 to 14 years (mean (SD) age: 14.1 (0.3) y).  Based on each child’s RMR the authors 
identified the lower end of the moderate intensity range as approximately 4.6 METs.  A 
limitation of this study is that the authors used two walking speeds, slow and brisk walk, to 
distinguish moderate from LPA and this was therefore not based on ‘free-living’ activities.  
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However, Mattocks et al. (2007) reported similar findings in their study, in which the 
Actigraph accelerometer was calibrated against indirect calorimetry in 246 children (mean 
(SD) age: 12.4 (0.2) y) while undertaking a series of structured, ‘free-living’ indoor 
activities.  The authors argued that 4 METs may be a more appropriate threshold for 
moderate intensity physical activity in children (Mattocks et al. 2007).  
 
An alternative to regression analysis is to use receiver operating characteristic curve (ROC) 
analysis where cut-points can be defined based on desired sensitivity and specificity (Trost et 
al. 2011).  ROC analysis involves plotting a graph of the relationship between the true 
positive rate (sensitivity) and the false positive rate (specificity) analysis (Joy et al. 2005).  
One of the few calibration studies to use ROC curve analysis in the calibration of cut-points 
is by Evenson et al. (2008), who determined thresholds for the Actigraph accelerometer for 
33 children aged 5 to 8 y (mean (SD) age: 7.3 (1.1) y).  Using ROC analysis, cut-points 
identified from plotting sensitivity and specificity curves were used to determine thresholds 
for sedentary, moderate and vigorous activities.  This study determined each individual 
child’s resting VO2, which as earlier studies have stated is important for accuracy in studies 
of children (Freedson et al. 2005).  The researchers compared the threshold values for 5 to 6 
year olds versus 7 to 8 year olds for each intensity level and there was no significant 
difference except for vigorous activity and the authors suggest that age-specific cut-points 
are not required.  Interestingly this study included static cycling and it could be seen that 
despite having the 6
th
 highest VO2 value (19.3 ml kg
-1∙min-1), the accelerometry counts for 
this were similar to sedentary activity (164 cpm), which highlights the limitation of 
accelerometers in accurately measuring certain activities. 
 
A limitation of many of the calibration studies is that they are laboratory based studies and 
have calibrated cut-points during either treadmill or structured activities, which may not 
reflect young children’s activity, which is not usually performed in sustained bouts (Riddoch 
et al. 2007).  Applying cut-points which have been calibrated against structured activities to 
free-living activities may result in intermittent physical activity being misclassified as 
sedentary behaviour (Mackintosh et al. 2012; Welk 2005).  It has been argued that in order to 
develop behaviourally valid cut-points, ‘field-based’ protocols, which incorporate free-living 
activities without controlling a child’s behaviour, should be adopted during calibration 
studies (Mackintosh et al. 2012).  In addition, according to Ott et al. (2000), measurement 
tools should be calibrated for use with activities which involve a range of activities, such as 
bending, jumping and running, which are characteristic of the activities of children. 
 56 
 
 
Mackintosh et al. (2012) calibrated a population-specific protocol for use with school-aged 
children (10 - 11y) using the SOPLAY direct observation scale as a criterion measure.  This 
study provides a useful protocol for calibrating accelerometers which incorporates 
free-living indoor and outdoor activities and is suitable for use in school-aged children.  
However, this protocol may not be suitable for younger child as developmentally they may 
not be able to engage in games such as Frisbee, and Hopscotch for a sustained period of 
time.   
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Table 1.11: Calibration studies of Actigraph accelerometry cut-points for children > 5 years of age. 
Authors No. participants (n), age 
range, mean (SD) 
Criterion Activities Counts/15 s 
Sed LPA MVPA 
Dowda et al.(1997) 80, 
6 - 18 y 
VO2 (portable metabolic unit) 
MVPA ≥ 3 METs 
Treadmill W,R N/A N/A 12 y ≥ 131 
18 y ≥ 537 
Eston et al. (1998) 30, 
8.2 - 10.8 y 
VO2 (portable metabolic unit) W,R,FL N/A N/A > 125 
Evenson et al. (2008) 33, 
5 - 8 (1.1) y 
VO2 (portable metabolic unit) Structured activities 
Treadmill W,R 
≤ 25 > 25 to ≤ 573 ≥ 574 
Freedson et al. (2005) 
(based on 12 y old 
Trost et al. (2011)) 
80, 
6 - 18 y 
VO2 (portable metabolic unit)  
MVPA ≥ 3 METs 
Treadmill W, R 
 
≤ 25 > 25 to < 555 ≥ 555 
MacKintosh et al. 
(2012) 
28, 
10 - 11 y 
SOPLAY 
ROC analysis 
Drawing; watching 
DVD; W,R, Games 
≤ 93 > 93 to ≤ 540 > 540 
Mattocks et al. (2007) 246, 
12.4 (0.2) y 
VO2 (portable metabolic unit) 
MVPA ≥ 4 METs 
Structure activities,  
W,R  
N/A N/A ≥ 895 
Metcalf et al. (2008) NA 
unpublished 
NA 
MVPA ≥3 METs =~4km∙h-1 
Treadmill W N/A N/A ≥ 625 
 
Puyau et al. (2002) 26, 
6 - 16 y 
VO2 (whole room 
calorimetry) 
FL < 200 ≥ 200 to < 
800 
≥ 800 
Pulsford et al. (2011) 53, 
7 - 8 y 
VO2 (portable metabolic unit)  Structured activities, 
W, R 
< 25 ≥ 26 to ≤ 560 > 561 
Treuth et al. (2004a) 74, 
13 - 14 y; Girls only 
VO2 (portable metabolic unit)  
MVPA ≥ 4.6 METs 
Structured activities, 
Treadmill W,R 
≤ 25 > 25 to <750 ≥ 750 
Vanhelst et al. (2010b) 40, 
10 - 16 y 
VO2 (portable metabolic unit) Structured FL, and 
treadmill  
< 100 ≥ 101 to < 
476 
≥ 476 
FL: free-living; LPA: light physical activity; METs: Metabolic equivalent units; MVPA: moderate-to-vigorous physical activity; R: running; Sed: 
Sedentary behaviour; SOPLAY: System for Observing Fitness Instruction Time; W: walking. 
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1.6.4.1.2 Calibration studies of Actigraph cut-points for pre-school children 
There are a growing number of studies which have calibrated cut-points in younger children 
and these are summarised in Table 1.12.  Similar to school-aged children, there is a range of 
proposed cut-points for the different intensities of physical activity and sedentary behaviour.   
 
Pate et al. (2006) was the first study to provide calibration and cross-validation data using 
indirect calorimetry as a criterion measure in young children.  In their study of 29 children 
(3 to 5 y), they identified the threshold of 20 ml kg
-1∙min-1 to differentiate between slow and 
brisk walk, which they classified as moderate intensity physical activity, corresponding to 
activity counts of > 420 counts/15 s.  This threshold of counts for moderate activity is lower 
than those developed from an earlier calibration study by Sirard et al. (2005).  This might in 
part be explained by a different criterion measure being used in the calibration process.  
Sirard et al. (2005) made use of the direct observation tool the CARS (Puyau et al. 2002) as 
their criterion method. 
 
Reilly et al. (2003) was the first to publish cut-points for sedentary behaviour for pre-school 
children.  In their study of thirty, 3 to 4 year olds (mean (SD) age: 3.7 (0.5) y) children were 
observed for an average (SD) of 100 (17) min while wearing the 7164 accelerometer, which 
they compared against the CPAF (O'Hara et al. 1989). Using ROC analysis, the optimal 
cut-point for accelerometry output for sedentary behaviour was identified.  The identified 
cut-point of < 1100 cpm for sedentary activity in the cross-validation had a mean specificity 
of 83% and a mean sensitivity of 82%.  Recent research with older children is advocating the 
use of a much lower cut-point for sedentary behaviour (< 100 cpm) (Evenson et al. 2008) 
and suggests that using 1100 cpm may result in some light intensity physical activity being 
incorrectly classified as sedentary behaviour. 
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Table 1.12: Calibration of studies of Actigraph accelerometry cut-points for pre-school children (3 to 5 years). 
Authors No. participants (n), 
age range, mean 
(SD) 
Criterion Activities Counts/15 s 
    Sed LPA MVPA 
Jimmy et al. (2012) 22, 
4 - 9 y 
VO2 (portable 
metabolic unit) 
Rest, W,R, FP NA NA ≥ 429 
Pate et al. (2006) 29, 
3 - 5 y 
VO2 (portable 
metabolic unit) 
Rest, W,R, FP NA NA ≥ 420 
Reilly et al. (2003) 30, 
3 - 5 y 
CPAF FP < 275 NA NA 
Sirard et al. (2005) 16, 
3- , 4-, 5- year olds 
CARS 
 
Structured activities, 
W, R, FP 
   
3 y olds  
4 y olds  
5 y olds 
< 301 
< 363 
< 398 
≥ 302 to ≤ 614 
≥ 364 to ≤ 811 
≥ 399 to ≤ 890 
≥ 615 
≥ 812 
≥ 891 
Van Cauwenberghe et al. 
(2011) 
18, 
5.8 (0.3) y 
CARS FP, 
Structured activities, 
treadmill W, R 
< 373 ≥ 373 to < 585 ≥ 585 
CARS: Children’s Activity Rating Scale; CPAF: Children’s Physical Activity Form; FP: free-play; LPA: light physical activity; MVPA: moderate-to-
vigorous activity; NA: not available; R: running; Sed: sedentary behaviour; W: walking. 
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1.6.4.1.3 Studies comparing cut-points in pre-school children 
Studies have highlighted the problem of applying different cut-points to accelerometry data 
in estimates of time spent in different intensities, in particular for time spent in MVPA and 
TPA (Beets et al. 2011b; Cliff and Okely 2007; Guinhouya et al. 2006; Kim et al. 2012; 
Mota et al. 2007).  The lower cut-points for MVPA proposed by Freedson et (1997), Pate et 
al. (2006) and Trost et al. (2002) have been compared against the higher cut-points for 
MVPA published by Sirard et al. (2005) and Puyau et al. (2002).  Prior to 2011, this had 
substantial implications when considering whether children were meeting the then 
recommendations for 60 minutes of MVPA per day and conflicting conclusions were 
reached. 
 
Guinhouya et al. (2006) compared the cut-points defined by Trost et al. (2002) with those 
defined by Puyau et al. (2002) in accelerometry data collected from 45 children aged 8 to 11 
years over a 3-day period.  The authors reported a large significant difference in time spent 
in MVPA with mean (SD) minutes of MVPA of 141 (39) min/day for the Trost et al. (2002) 
cut-points and 28 (18) min/day for the Puyau et al. (2002) cut-points.  Guinhouya et al. 
(2006) concluded that the Puyau et al. (2002) cut-points were more discriminatory, while the 
Trost et al. (2002) cut-points reduced the gap between the most and least active child, which 
may result in a greater risk of type I errors occurring as a consequence. 
  
In another study, Mota et al. (2007) compared the Freedson et al. (1997) and the Puyau et al. 
(2002) cut-points using data collected from 63 children (8 to 15 y) over 3 days.  
Discrepancies in time spent in MVPA were reported, with 95% of boys and 87.2% of girls 
seen to be meeting the recommendation of 60-minutes of MVPA per day with the Freedson 
et al. (1997) cut-points and only 17.4 % of boys and 5.1% of girls using the Puyau et al. 
(2002) cut-points.  The authors argued that the high number of children seen to be meeting 
the recommendation of 60 min MVPA per day when the Freedson et al. (1997) cut-points 
were applied was in agreement with other studies (Hussey et al. 2001; Sleap and Tolfrey 
2001).  However it should be noted that one of the supporting studies by Hussey et al. (2001) 
is based on data collected from a proxy questionnaire (Aaron et al. 1995).  Not only are 
questionnaires a subjective measure of activity, but as discussed, there are known issues with 
overestimation in reported physical activity using proxy reports (Bender et al. 2005). 
 
Even cut-points which are quite similar can be problematic when applied to data. This was 
demonstrated in a study by Cliff and Okely (2007), who processed accelerometry data 
 61 
 
collected from 58 children aged 3 to 5 years (mean (SD) age: 4.38 (0.8) y) over 5 days, using 
the Puyau et al. (2002) and the Sirard et al. (2005) cut-points.  While there was no significant 
overall difference between mean number of minutes of MVPA, there were, however, large 
limits of agreement (LOA) (-28.04 to 28.94 min/day).  Also, when the sample was 
categorised into age bands, there was a large difference between the mean number of 
minutes of MVPA, depending on which cut-point was applied.  This was most apparent for 
the 3 year olds, where a mean error of 32.35 min/day was reported.  The difference for 3 year 
olds of more than 30 min/day could have been exacerbated by the small sample size of 3 
year olds (n = 8) included in this study.  
 
There is only one study, by Reilly et al. (2008), which has compared several cut-points for 
time spent in MVPA and sedentary activity, in pre-school children (n = 72; mean (SD) age: 
5.8 (0.5) y).  The authors applied the commonly used cut-points by Puyau et al. (2002), 
Freedson et al. (1997), Treuth et al. (2004a) and Reilly et al. (2003) to data collected from 
children over a 7 day period.  There were large differences with the Freedson et al. (1997) 
cut-points, resulting in 266 min (nearly 4 hours) of MVPA per day and the Puyau et al. 
(2002) and Treuth et al. (2004a) cut-points resulting in an estimated 28 min and 41 min of 
MVPA per day, respectively.  The authors question whether it is plausible that young 
children are engaging in 4 hours of MVPA per day given the increasing trends of obesity and 
the evidence from studies using heart-rate, direct observation and pedometry, which suggests 
that levels of MVPA are low (Cardon and De Bourdeaudhuij 2007; McKee et al. 2005). 
 
Several factors in the calibration process may explain why different cut-points have been 
proposed.  Studies have used different criterion methods, different epoch lengths and, as 
already stated, it is unclear whether cut-points calibrated at 1-min epochs are valid at 15-s 
epochs.  In addition, the protocols for activities used in calibration are not always reflective 
of spontaneous free-living activities (Baquet et al. 2007).  Finally, there are concerns 
regarding whether different generations of Actigraph are comparable (Ried-Larsen et al. 
2012) and it is unknown whether it is appropriate to use cut-points developed for the 7164 
accelerometer for the later generations of Actigraph accelerometers, for example, the GT1M 
and GT3X models. 
 
The fact that currently a range of cut-points exist highlights a lack of agreement regarding 
interpretation of data (Rowlands 2007). Cliff and Okely (2007) argue that more rigorous 
testing of pre-school children’s cut-points are necessary to reach greater consensus on the 
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most appropriate cut-points to use.  While studies have compared the consequences of 
applying different cut-points, to date, no study has compared the results against a criterion 
measure with pre-school children to see which cut-points are most accurate.  It is also 
important to establish if these cut-points are valid for free-living activities in young children. 
The aim of this study was therefore to determine which cut-points were most accurate to 
categorise physical activity intensity and sedentary behaviour during free-play with 
pre-school children. Table 1.13 summaries the aims of the thesis. 
 
Table 1.13: Research question and aim: study of cut-points. 
Question:  
 Which Actigraph accelerometry cut-points are most accurate for pre-school 
children? 
Aim:  
 To validate Actigraph accelerometry cut-points for estimating physical activity 
and sedentary behaviour in pre-school children during free-play (Chapter 6). 
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1.6.5 Are different generations of Actigraph accelerometers comparable? 
Actigraph accelerometers are among the most widely utilised motion sensor in children’s 
physical activity research (Trost et al. 2011).  The latest generation of Actigraph 
accelerometers (GT1M and GT3X) have a different internal technology, using a 
Micro-Electro-Mechanical System (MEMS) solid state accelerometer as opposed to the 
piezoelectric cantilevered beam accelerometer, seen in the older generation model 7164 
(John et al. 2010).  In addition, while both generations of monitor capture time varying 
acceleration in the range of 0.05 to 2 G, there are differences in the filtering and sampling 
frequencies between models.  As a result of these differences, the same acceleration could 
result in different count output (Chen et al. 2012) and the two generations of monitors cannot 
necessarily be used interchangeably. 
 
Comparison studies between the GT1M and the 7164 have been undertaken using a 
mechanical set-up (Rothney et al. 2008), during treadmill activities with adults in laboratory 
settings (Fudge et al. 2007; John et al. 2010; Kozey et al. 2010b), and in a free-living 
situation with adolescents (Corder et al. 2007).  
 
Rothney et al. (2008) subjected GT1M and 7164 accelerometers to a range of accelerations 
by simultaneously oscillating the accelerometers using a mechanical set up.  The authors 
reported significant differences in activity counts between models, however, concluded that 
these differences would likely have a minimal impact on time spent at different intensities 
(Rothney et al. 2008).   
 
The findings from laboratory based studies which have compared the different generations of 
accelerometers with participants are inconclusive.  John et al. (2010) compared the 
accelerometry models in a study of 10 male participants (mean (SD): 23.6 (2.7) y), who 
completed treadmill walking and running at 10 different speeds while wearing the 7164 and 
the GT1M accelerometers.  The researchers reported as a non significant difference of (mean 
(SD)) 439 (982) counts per minute (cpm) between the different generations of Actigraph 
accelerometer.  In contrast, in a study of 16 subjects (mean (SD) age: 23 (3) y) which used a 
similar study protocol, Fudge et al. (2007) reported higher output from the GT1M compared 
with the 7164 accelerometer.  Similarly, Kozey et al. (2010b) reported 2.7% higher count 
output of the GT1M compared to the 7164 accelerometer across three self-selected speeds on 
a treadmill: slow 0.7 (0.2) m∙s-1, medium 1.3 (0.2) m∙s-1 and fast 2.1 (0.6) m∙s-1 (mean (SD)).  
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Despite significant differences between model output (p < 0.05) the authors concluded that 
these differences would not result in any meaningful differences in intensity classifications.  
 
Only one study to date has compared the GT1M and 7164 during free-living conditions with 
30 Indian adolescents (mean (SD) age: 15.8 (0.6) y) over a 7 day continuous monitoring 
period.  The findings suggested that the GT1M counts were on average 9% lower (p < 0.05) 
than those derived from the 7164 accelerometer.  The authors recommended either applying 
a correction factor of 0.91 to the GT1M data, or reducing the 7164 cut-points by 10% for the 
GT1M data to allow comparison between models (Corder et al. 2007).  In this study the 
differences did not translate into observable differences in time spent in moderate or 
vigorous physical activity.  Whether applying this correction factor, or altering the cut-points 
for GT1M data would allow comparison between accelerometry models has not been tested 
and has not been explored in studies of children.   
 
Given that several large scale longitudinal studies are reporting on the tracking of physical 
activity (Kristensen et al. 2008; Metcalf et al. 2008; Mitchell et al. 2012), it is important to 
ensure that systematic measurement errors have not taken place as a consequence of using 
different generations of accelerometers.  There are also implications of applying cut-points 
calibrated from an older generation to a newer generation of accelerometer, and it is unclear 
whether the cut-points are valid for different generations of accelerometers.  Investigation of 
the comparability between output from different generations of accelerometers used in 
longitudinal studies is therefore essential to ensure that population-based estimates of 
physical activity are unbiased (Ried-Larsen et al. 2012).  In a recent article, Ried-Larsen et 
al. (2012) stressed the need for more free-living studies in different populations in order to 
interpret the observed differences seen in mechanical calibration studies and to explore 
whether any differences between monitors are population specific. 
 
Comparability between different generations of accelerometers has not previously been 
explored in children or in young children. This is the fourth aim of this thesis, which is 
presented in Table 1.14. 
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Table 1.14: Research question and aims: study comparing different generations of 
Actigraph. 
Question:  
 Are different generations of Actigraph accelerometer comparable when used 
with pre-school children? 
Aims:  
 To compare different generations of Actigraph accelerometer during 
mechanical calibration (Chapter 7). 
 To compare different generations of Actigraph accelerometer in pre-school 
children during 1 hour of free-play (Chapter 7). 
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1.6.6 What is the recommended wear time to provide a reliable estimate of physical 
activity and sedentary behaviour in pre-school children? 
There are methodological questions around the number of days of data collection needed and 
the number of hours to constitute a ‘valid’ day, to accurately capture habitual physical 
activity (Hinkley et al. 2012b).  There is some evidence that as few as 3 hours a day can 
provide reliable estimates of physical activity for the pre-school age group and with the 
difference between 3 and 10 hours being minimal, when 1 to 7 days of monitoring are used 
(Penpraze et al. 2006).  While 10 days of monitoring maximises reliability, estimates suggest 
that 3 days may have sufficient reliability for many purposes (r ≥ 0.60) (Penpraze et al. 
2006).  More recently, published data from children aged 4 to 10 y (mean (SD) age: 7 (2) y) 
suggest that a minimum duration of 6 hours for 7 to 9 days of monitoring including one 
weekend day, is necessary to achieve 80% reliability (Ojiambo et al. 2011).  However, 
increasing the number of days of monitoring brings the risk of decreasing compliance and 
therefore a compromise has to be reached.  While earlier studies suggest that there are no 
differences in weekend and week days for young children (Sigmund et al. 2007), more recent 
studies suggest that differences may exist in activity levels between weekday and weekend 
days (Hinkley et al. 2012c; Vale et al. 2010).  It is not clear whether the inclusion of a 
weekend day is necessary in analysis to obtain a reliable estimate of habitual physical 
activity.  
 
Another area which may influence estimates of physical activity and sedentary behaviour is 
how the accelerometry data are cleaned and reduced (Masse et al. 1999; Mâsse et al. 2005), 
for which a variety of methods have been adopted (Rowlands 2007).  As part of the data 
cleaning process, researchers need to make decisions about excluding or imputing data 
where there are extended periods of consecutive zeros.  This is often referred to as 
‘non-wear’ time and it is important to distinguish between sedentary time when the monitor 
is worn but the person is stationary and ‘true’ non-wear time when the monitor is removed.  
These episodes may look similar in the data.  Criteria have been proposed to exclude 
non-wear time from analysis and these range from excluding 10 min of consecutive zeros, to 
180 min of consecutive zeros being excluded (Oliver et al. 2012; Rowlands 2007).  Cliff et 
al. (2009b) have reviewed the literature and made recommendations for dealing with non-
wear time and for screening data for upper limits of biological plausibility.  However, the 
evidence for these recommendations is based on studies of older children (Esliger et al. 
2005) and the influence that different criteria for non-wear time have on estimates of 
physical activity and sedentary behaviour has not been investigated in younger children 
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(Cliff et al. 2009b).  The final aim of this thesis is to determine the recommended number of 
days and hours of data needed to provide a reliable estimate of habitual physical activity and 
sedentary behaviour in pre-school children.  In addition, it is an aim to determine whether 
inclusion of a weekend day influences reliability.  A final aim is to investigate the influence 
that applying different criteria for non-wear time has on estimates of habitual physical 
activity and sedentary behaviour. The aims are summarised in Table 1.15 
 
Table 1.15: Research questions and aims: study of wear time. 
Question:  
 What is the recommended wear time to provide a reliable estimate of habitual 
physical activity and sedentary behaviour in pre-school children? 
Sub questions: 
o How many days and hours of data are needed for stable measurement 
of physical activity and sedentary behaviour?  
o Are weekend days necessary for reliable estimates of habitual physical 
activity and sedentary behaviour? 
o Does the application of non-wear time criteria (missing data) influence 
estimates of physical activity and sedentary behaviour in pre-school 
children? 
Aims: 
 To determine the recommended wear time required to provide a reliable 
estimate of habitual physical activity and sedentary behaviour of pre-school 
children (Chapter 8). 
 To investigate whether the inclusion of a weekend day is necessary for reliable 
estimates of habitual physical activity and sedentary behaviour of pre-school 
children (Chapter 8). 
 To examine the influence of applying non-wear time criteria to estimates of 
physical activity and sedentary behaviour of pre-school children with 7 days of 
free-living accelerometry data (Chapter 8). 
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1.6.7 Summary 
Accurate means of quantifying physical activity are important for gaining an insight into the 
physical activity behaviours in populations.  Accelerometry offers a valid and reliable means 
of objectively measuring physical activity in pre-school children.  Despite this, several major 
outstanding methodological questions remain regarding the use of accelerometers and the 
different approaches adopted in studies can impact on whether children are seen to be 
meeting recommendations for health or not.  It is only by addressing the discrepancies in 
methodological decisions that accurate means of measuring physical activity can be strived 
for.  This is fundamental for future research which seeks to quantify physical activity levels 
and to understand the relationship between physical activity and health and for evaluating 
interventions designed to promote physical activity (Trost 2007). 
 
Table 1.16 presents a summary of the questions on which this thesis is based, and the 
chapters in which these will be addressed. 
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Table 1.16: Summary of questions on which this thesis is based. 
Research questions  Evidence Chapter 
What are the implications of shorter epochs on estimates of 
physical activity and sedentary behaviour in pre-school 
children (i.e. is there an ‘epoch effect’)? 
 
Some evidence with school aged children that longer epochs result in 
high intensity physical activity being misclassified as lower intensity. 
(Nilsson et al. 2002; Rowlands et al. 2006) 
 
See Chapter 3  
 
Which epoch is most accurate for measurement of physical 
activity in pre-school children? 
Lack of evidence in studies with pre-school children. See Chapter 4 
Are there advantages to using triaxial accelerometry to 
measure physical activity in pre-school children? 
Theoretical advantage of triaxial accelerometry. No empirical 
evidence (de Vries et al. 2006; Oliver et al. 2007b; Oliver et al. 2009; 
Rowlands 2007; Ward et al. 2005). 
See Chapter 5 
Which Actigraph accelerometry cut-points are most accurate 
for pre-school children? 
 
Wide variation in practice; implications of using different cut-points 
not appreciated. 
See Chapter 6 
Are different generations of Actigraph accelerometer 
comparable when used with pre-school children? 
 
Possibly a difference seen in studies of adolescents (Corder et al. 
2007).  No empirical evidence from studies of pre-school children. 
See Chapter 7 
What is the recommended wear time to provide a reliable 
estimate of habitual physical activity and sedentary 
behaviour in pre-school children? 
 See Chapter 8 
 How many days and hours of data are needed for stable 
measurement of physical activity and sedentary 
behaviour?  
 Are weekend days necessary for reliable estimates of 
habitual physical activity and sedentary behaviour? 
 Does the application of non-wear time criteria (missing 
data) influence estimates of physical activity and 
sedentary behaviour in pre-school children? 
 Recommendations range from 3 to 7 days (Cliff et al. 2009b; 
Hinkley et al. 2012b; Penpraze et al. 2006). 
 Recommendations range from 3 hours to 10 hours (Penpraze et 
al. 2006). 
 Unclear if weekend days are necessary or not (Hinkley et al. 
2012b; Penpraze et al. 2006). 
 Lack of consistency in practice with criteria used for non-wear 
time, implications of this unclear. 
Adapted from Reilly et al. (2008) 
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1.7 STRUCTURE OF THE THESIS 
This thesis comprises the following chapters: Chapter 2 will outline the general methods 
adopted in chapters four to seven, which report on a 1-hour observational study.  Chapter 3 
presents the methods and findings of a study which investigated the influence that applying 
different epochs had on estimates of MVPA.  This was a secondary data analysis of free-
living accelerometry data collected from young children (n = 32, 17 males, 15 females; mean 
(SD) age: 5.9 (0.7) y) over 7 - 10 days.  Chapter 4 presents findings from a 1-hour 
observational study of free-play of pre-school children (n = 31, 15 males, 16 females; mean 
(SD) age: 4.4 (0.8) y), in which the accuracy of different epochs are compared against direct 
observation.  Chapter 5 provides a comparison of uniaxial versus triaxial accelerometry 
during 1 hour free-play of pre-school children (n = 31, 15 males, 16 females; mean (SD) age: 
4.4 (0.8) y).  Chapter 6 investigates the accuracy of accelerometry cut-points against direct 
observation in pre-school children (n = 31, 15 males, 16 females; mean (SD) age: 4.4 (0.8) y) 
during 1 hour of free-play.  Chapter 7 compares the 7164 and GT1M Actigraph 
accelerometers during mechanical calibration and against direct observation during 1 hour of 
free-play with pre-school children (n = 23, 10 boys, 13 girls; mean (SD) age: 4.3 (0.8) y).  
Chapter 8 presents findings of an investigation into the recommended wear time to provide a 
reliable estimate of habitual physical activity and sedentary behaviour in free-living 
accelerometry data collected from pre-school children (n = 112, 60 males, 52 females, mean 
(SD) age: 3.7 (0.7) y) over 7 days.  This study also investigates whether weekend days are 
necessary for reliable estimates of habitual physical activity in pre-school children and 
explores the influence of applying different criteria for non-wear time (e.g. excluding 10, 20 
and 60 s of consecutive zeros).  Chapter 9 presents a general discussion of the findings of the 
thesis and finally, Chapter 10 provides a conclusion to the thesis.  An overview of the thesis 
is presented in Figure 1.2. 
  
 
 
Figure 1.2: Overview of thesis. 
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1.8 SUMMARY OF AIMS 
The aims of this thesis are: 
 To examine the influence of epochs on estimates of MVPA and sedentary behaviour 
of pre-school children with 7 - 10 days of free-living accelerometry data (Chapter 3). 
 
 To determine which epoch is most accurate for measuring physical activity in 
pre-school children during free-play (Chapter 4). 
 
 To investigate whether there are advantages to using triaxial over uniaxial 
accelerometry to measure physical activity in pre-school children during free-play 
(Chapter 5). 
 
 To validate Actigraph accelerometry cut-points for estimating physical activity and 
sedentary behaviour in pre-school children during free-play (Chapter 6). 
 
 To compare different generations of Actigraph accelerometer during mechanical 
calibration (Chapter 7). 
 
 To compare different generations of Actigraph accelerometer in pre-school children 
during 1 hour of free-play (Chapter 7). 
 
 To determine the recommended wear time required to provide a reliable estimate of 
habitual physical activity and sedentary behaviour of pre-school children      
(Chapter 8). 
 
 To investigate whether the inclusion of a weekend day is necessary for reliable 
estimates of habitual physical activity and sedentary behaviour of pre-school 
children (Chapter 8). 
 
 To examine the influence of applying non-wear time criteria to estimates of physical 
activity and sedentary behaviour of pre-school children with 7 days of free-living 
accelerometry data (Chapter 8). 
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 : GENERAL METHODS CHAPTER 2
 
This chapter provides detail on the general methods and instrumentation used in the studies 
within this thesis. Specific details of individual studies are outlined in the relevant study 
chapters. 
 
2.1 STUDY DESIGN 
The studies conducted in chapters four to seven were based on a 1 hour cross-sectional 
observational study of pre-school children (aged 3 to 5 y).  Children were video recorded 
during their usual time-tabled outdoor playtime in their nursery while they wore 
accelerometers.  This allowed the researcher to observe and code the children’s physical 
activity behaviour and compare this with simultaneously collected accelerometry data. 
Chapter 3 and Chapter 8 were cohort studies and involved secondary data analysis of 
free-living physical activity data collected from pre-school children (aged 3 to 5 y) over a 
7-to 10-day-period.  This current chapter will outline the ethical procedures, recruitment and 
the protocol adopted in the cross-sectional observational study.  The ethical procedures, 
recruitment and protocol for the cohort studies are discussed in the respective chapters 
(Chapter 3 and Chapter 8).  Finally, the accelerometry equipment used in all studies is 
discussed in this general methods chapter. 
 
2.2 ETHICAL APPROVAL 
Ethical approval for the observational study was granted from Queen Margaret University 
Ethics committee (Appendix II a). Permission to undertake the study was granted from 
Edinburgh City Council, Children and Families Department (Appendix II b).  Two nurseries 
in Edinburgh, CGU5 and KLN were identified by the Children and Family Department and 
permission was obtained from the head teacher of each nursery to undertake the study on 
their premises. Information sheets and written consent forms were developed for parents and 
carers (Appendix II c and Appendix II d) and an age appropriate information pamphlet 
(Appendix II e) was developed for the parents to read to their child together with a verbal 
assent form (Appendix II f).   
 
2.3 PARTICIPANTS AND RECRUITMENT 
A convenience sample was selected by inviting pre-school aged children (aged 3 to 5 years) 
attending two Edinburgh city council pre-schools to take part. Inclusion criteria were that the 
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child was apparently healthy, between the ages of 3 to 5 years, and with no known chronic 
disease relating to energy expenditure or physical activity (Fisher et al. 2005b).  In addition, 
only those children who had given verbal assent and whose parents had given written 
consent for them to take part in the study were included. Children with any known physical 
problems that could affect their mobility, including neurological, respiratory or 
musculoskeletal problems, were excluded from the study. 
 
To recruit participants, the nurseries distributed information sheets and consent forms to all 
parents of pre-school children attending their nursery, together with a stamped addressed 
envelope for return of a consent form to the researcher.  A verbal assent form for the children 
was also included and this was for the parents to read to their child to obtain the child’s 
permission to be involved in the study.  The researcher also obtained verbal assent from the 
children at the time of data collection and the child could opt out from wearing the 
accelerometer at any point.  
 
2.4 SAMPLE SIZE CALCULATION AND SAMPLE CHARACTERISTICS 
Based on a priori power of 0.80, and an α level 0.05, the sample size calculation estimated 
26 participants as being necessary for an effect size of 0.50, to detect a statistically 
significant correlation between the count output of two accelerometry models (Puyau et al. 
2002).  The paired design of the observational study (subjects acted as their own match) is 
argued to increase the power of a study, with earlier studies suggesting that as few as 20 
matched pairs will adequately detect differences in accelerometry output (Kelly et al. 2005).  
 
In total, 33 participants were recruited for the observational study.  Data from two 
participants were excluded: one participant refused to wear the accelerometers, and a second 
participant wore the accelerometer belt for a few minutes before removing their belt.  The 
final sample size was 31 (15 males, 16 females, mean (SD) age: 4.4 (0.8) y, height: 104.8 
(6.3) cm, weight: 17.7 (2.5) kg, Body mass index (BMI): 16.1 (1.1) kg/m
2
).  The sample 
characteristics for the participants involved in the studies in Chapters 4 to 6 are presented in 
Table 2.1.  Initially, only two 7164 Actigraph accelerometers were available for data 
collection, and therefore fewer participants wore this accelerometer.  In the study that 
compared different generations of accelerometers, (Chapter 7), data were collected from 23 
participants who wore the 7164, the GT1M and the RT3 accelerometers.  However, the 
initial analysis revealed significant differences (p < 0.05) between accelerometry models 
with the data from the 23 participants and therefore the study was felt to be sufficiently 
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powered and hence more participants were not sought.  The characteristics of the sample in 
Chapter 7 are presented in Table 2.2. 
 
Table 2.1: Characteristics of the sample (Chapters 4, 5 and 6). 
 
Table 2.2: Characteristics of the sample (Chapter 7). 
 
2.5 OUTCOME MEASURES AND INSTRUMENTATION 
2.5.1 Direct observation using the CARS 
The criterion measure used within the observation study was the Children’s Activity Rating 
Scale (CARS) (Puhl et al. 1990).  This is a direct observation scale which has been 
developed and validated with young children (n = 25, 12 boys, 13 girls, 5 - 6 y) (Puhl et al. 
1990).  The CARS has been used extensively as a criterion method of measuring physical 
activity in studies of young children (Finn and Specker 2000; Noland et al. 1990; Oliver et 
al. 2009; Van Cauwenberghe et al. 2011).  Using a scoring system, trained observers can 
observe and rate children’s activity, categorising it into different intensity levels.  The 
scoring system consists of five levels, from sedentary to vigorous intensity activity, that 
reflect different levels of energy expenditure in children (Puhl et al. 1990).  Table 2.3 
outlines the CARS levels.  Puhl et al. (1990) calibrated the CARS level with twenty-five, 
5- to 6-year-old children against indirect calorimetry and heart rate.  The significant 
 Mean (SD) 
 All  Male Females 
No. participants 31 15 16 
Age (years) 4.4 (0.8) 4.3 (0.8) 4.3 (0.8) 
Height (cm) 104.8 (6.3) 106.2 (5.4) 103.6 (7.0) 
Body weight (kg) 17.7 (2.5) 18.0 (2.0) 17.4 (3.0) 
Body mass index (kg/m
2
) 16.1 (1.1) 15.9 (1.0) 16.1 (1.2) 
 Mean (SD) 
 All  Male Females 
No. participants 23 10 13 
Age (years) 4.5 (0.7) 4.4 (0.7) 4.5 (0.8) 
Height (cm) 106.2 (6.2) 108.0 (4.7) 104.8 (7.0) 
Body weight (kg) 18.3 (2.5) 18.6 (2.0) 18.1 (2.9) 
Body mass index (kg/m
2
) 16.2 (1.1) 15.9 (1.1) 16.4 (1.1) 
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differences seen in energy expenditure and heart rate between CARS levels, suggested that it 
could accurately discriminate between different levels of intensity.  
 
Table 2.3: Children’s Activity Rating Scale (CARS). 
Level 1 Stationary/motionless 
Level 2 Stationary/movement of limbs or trunk (very easy) 
Level 3 Translocation (slow/easy) 
Level 4 Translocation (medium speed/moderate) 
Level 5 Translocation (fast or very fast/hard) 
(Puhl et al. 1990) 
 
In the current study, Level 1 and 2 activities were collapsed into a ‘sedentary’ category. 
While Level 2 activities involve movement of the limbs or trunk, they are stationary 
activities, therefore in this study Level 2 activities were classified as being sedentary.  This 
approach has also been adopted in earlier studies (De Bock et al. 2010).  Levels 3 to 5 
involve translocation movement, and refer to light, moderate and vigorous intensity physical 
activity respectively.  Some researchers have interpreted CARS Level 3 activity as being 
moderate intensity physical activity (Van Cauwenberghe et al. 2011).  However, in the 
original study by Puhl et al. (1990) the MET value for activities classified as being at CARS 
Level 3 was less than three METs.  Therefore, in the current study the Level 3 CARS score 
was defined as being light intensity physical activity, as activities were less than three times 
the child’s measured MET values.  This is in keeping with other studies of pre-school 
children (De Bock et al. 2010; Sirard et al. 2005).  In addition, as discussed in the literature 
review (Chapter 1, section: 1.3.1, p 2), while three METs has been used as the threshold for 
moderate intensity activity in adult studies, where the RMR is defined as one MET, 
equalling 3.5 ml∙kg-1∙min-1 or 4.184 kJ∙kg-1∙h-1 (Ainsworth et al. 2000), children have a 
higher RMR (Ridley and Olds 2008).  It is argued that a higher MET threshold for moderate 
intensity physical activity is therefore needed for children (Guinhouya and Hubert 2008). 
Treuth et al. (2004a) proposed 4.6 METs as a threshold for moderate intensity physical 
activity in children and other authors have argued for six METs for moderate intensity 
physical activity in children (Guinhouya and Hubert 2008).  Finally, Levels 4 to 5 of the 
CARS were looked at separately as moderate and vigorous intensity activity and were 
collapsed into a MVPA category as adopted in earlier studies (De Bock et al. 2010; Sirard et 
al. 2005). 
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2.5.2 Scoring the CARS 
A comprehensive list of activities assigned to the different CARS levels is given in the 
original article by Puhl et al. (1990) and this is presented in Appendix II g.  These categories 
of activity were used to code the physical activity behaviour of children in this thesis.  
 
The scoring system in the original study involved observing the children’s activity and 
allocating a score between one to five once for each activity level observed and lasting more 
than 3 s within a 1-minute observation period.  This score is then averaged for that 1-minute 
period.  For example, if a child runs fast, sits, then finally walks slowly and each activity 
lasts more than 3 s, they will score a five, one and three over the minute and an average score 
for that minute is then calculated as: 
     
 
  . This minute of activity would be scored as 
Level 3 and therefore be classified as light intensity physical activity.  At the end of the 
testing period each child will have a score for the number of minutes they spent at each 
intensity. 
 
The CARS was designed to be coded over 1-minute observation periods, however, in the 
current research a modified CARS, as outlined by Sirard et al. (2005) was used, whereby the 
coding was undertaken over a 15-s period.  Given that children engage in short, sporadic 
bursts of vigorous activity, it has been argued that measuring physical activity over a 
1-minute sampling periods may have a ‘smoothing’ effect, resulting in an underestimation of 
time spent in vigorous activity (Trost et al. 2005).  Therefore, in this research the decision 
was made to use a 15-s epoch for coding the CARS, to try to reduce the ‘smoothing’ effect. 
Using a 15-s epoch was also important to allow cross-comparison with the shorter epoch 
collected with the accelerometers.  A 15-s scoring procedure, as outlined by Sirard et al. 
(2005), was therefore adopted.  However, the other principles outlined in the original study 
by Puhl et al. (1990) still apply.   
 
2.5.3 Video data collection 
To improve the accuracy of the coding system the researcher videoed the children during the 
data collection period and then retrospectively coded each child using the video data.  Two 
video cameras were set up at each end of the outdoor play area and the researcher used video 
data from both cameras to code the children’s physical activity behaviour.  Figure 2.1 shows 
the view from the first video camera and the position of the second video camera at the 
CGU5 nursery is noted.  Figure 2.2 illustrates the view from the second camera with the 
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digital clock used to retrospectively code the data.  One camera was located on a balcony 
that allowed videoing of the playground area. The second camera was located at the opposite 
end of the playground on a pillar.  The cameras were synchronised with the clock on a laptop 
PC that was also synchronised with the time on the accelerometers.  This video data allowed 
the researcher to watch the videos, pause and replay to ensure that they coded each 15-s 
period accurately.  In the second nursery, KLN, a similar set up was adopted where cameras 
were located at opposite ends of an outdoor play area.  One camera was positioned on an 
extended tripod and a second positioned on a roof to capture the playground area on video. 
 
Figure 2.1: Outdoor play area CGU5 nursery, view from camera one.  
 
 
Position 
of 
camera 
two 
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Figure 2.2: CGU5 nursery, view from camera two.  
 
The video data were coded by the principle researcher, using the CARS (Puyau et al. 2002). 
Data from both video cameras were necessary to view children in different areas of the 
playground.  There were, however, areas of the playground, such as inside a playhouse and 
directly under the balcony at CGU5 nursery, where video camera one was located, where the 
child could not be viewed in either of the video recordings.  During the time periods where 
the child could not be viewed on the video data, the researcher did not code the data, i.e. 
score the CARS.  Only complete 15-s periods of observed activity were included.  If a child 
was out of view within a 15-s period, the entire 15-s period was excluded from the analysis.  
The corresponding time periods were matched with the accelerometry data, and were also 
excluded from the analysis. 
 
2.5.4 Reliability of CARS coding 
The principal researcher coded the CARS data throughout the research.  As there was only 
one researcher coding the data, the video data allowed for intra-rater reliability checking of 
the researcher’s scoring system and to check for any ‘drift’ in the coding pattern across the 
study.  Six 10-minute extracts of video data from across the video data collected were 
re-coded in 2009, one year after the final data collection. The re-coding was undertaken with 
extracts of video data from six subjects who had originally been coded at different time 
points of the data collection period (two at the start, middle and end of data collection 
period).  These codes were checked against the original scores allocated in 2007-8. 
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To evaluate the changes in the mean between the coding sessions, the mean difference (dm) 
and the 95% confidence interval (95% CI) of the mean difference (dm), were calculated as 
plus and minus two standard error (SE).  Calculations of the confidence interval for the mean 
difference and standard error are presented in Appendix II h. 
 
To assess reliability, intraclass correlation coefficients (ICC), which are a univariate statistic 
of relative reliability (Batterham and George 2000), were calculated using the average codes 
produced for each 15-s epoch.  In addition, as the CARS involves ordinal data, where 
categories are mutually exclusive, specific statistical tests to assess reliability are required 
and the kappa statistic is commonly used (Sim and Wright 2005).  The kappa statistic with 
95% CI was also calculated to determine consistency between the ratings.  Finally, the 
percentage agreement (±SD) of the activity categorisation for each 15-s time period was 
calculated for all time points across the six data samples.  
 
In total, there were 209 pairs of 15-s data (the original and the re-coded data) which were 
analysed. 
 
The results of the mean difference between the coding sessions are presented in 
Appendix II h.  The mean differences were close to zero (ranging from 0.03 to 0.33) and the 
confidence intervals included zero, suggesting that there was no systematic bias in the 
coding. 
 
The results of the ICC analysis are presented in Appendix II h. The ICC values ranged from 
0.72 to 0.96.  While there is no generally agreed ‘cut-off’, categories for interpreting ICC 
values, the closer the ICC is to one, the better the reliability.  Fleiss (1986) recommends that 
ICC values between 0.4 and 0.75 indicate ‘fair to good’ and values > 0.75 suggest ‘excellent’ 
relative reliability.  Five of the ICC values in this study were > 0.75 and one value was close 
to this value, suggesting ‘good’ to ‘excellent’ reliability.  It should be noted that while the 
confidence interval for subject two ranged from 0.43 up to 0.86, the ICC value of 0.43 is still 
considered to be ‘fair’ reliability according to the Fleiss (1986) classification. 
 
The intra-rater reliability using the kappa was = 0.71 (p <0.0001), 95% CI (-0.07, 1.49).  The 
average percentage agreement (SD) of 15 s physical activity categorisation across time 
points was 74.6 % (9.2). 
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One means of interpreting the kappa value is to use the scale outlined by Landis and Koch, 
(1977), whereby the closer the value is to 1 the better the reliability.  In the scale, 
values ≤ 0 = poor, 0.01 - 0.20 = slight, 0.21 - 0.40 = fair, 0.41 - 0.60 = moderate, 0.61 - 0.80 
= substantial and 0.81 - 1 = almost perfect reliability.  Given  that the kappa value in this 
study is 0.71 which is within the range 0.61 - 0.81, this can be interpreted as ‘substantial 
agreement’. 
 
These results suggest that there was good intra-rater reliability of the coding used across the 
study.  This is in keeping with earlier studies where both intra and inter-rater reliability of the 
CARS coding have been found to be high (DuRant et al. 1993; Puhl et al. 1990; Sirard et al. 
2005). 
 
2.5.5 Accelerometry equipment 
The 1-hour direct observation data collection reported in Chapters 4 to 7 used the GT1M 
Actigraph uniaxial accelerometer, the 7164 uniaxial accelerometer and the RT3 triaxial 
accelerometer.  In recent years, Actigraph have released the GT3X and GT3X+ triaxial 
accelerometers.  These monitors became commercially available in 2009 and to date there 
are few published studies with pre-school children available, and of those published, the 
GT3X/GT3X+ accelerometers have been used in a uniaxial setting (Kahan et al. 2013).  The 
1-hour direct observation data collected in this thesis was undertaken in 2007 and 2008 and 
therefore pre-dates the availability of the GT3X/GT3X+ model.  The final study reported in 
Chapter 8 was undertaken in 2010 and used the GT3X model, in a uniaxial mode.  The 
technical specifications of the GT1M, GT3X, 7164 and RT3 accelerometers will be 
discussed in the following section. 
 
2.5.5.1.1 7164 Accelerometer 
The 7164 accelerometer (Figure 2.3) is a uniaxial accelerometer which, prior to 2005, was 
widely used in physical activity research.  The 7164 detects acceleration in the range of 0.05 
to 2.0 G, in the vertical plane, by the means of a piezoelectric acceleration sensor.  This 
sensor consists of a piezoelectric element and a seismic mass which is attached to the free 
end of a piezoceramic cantilever arm (Figure 2.4) (Chen and Bassett 2005).  The opposite 
end is mounted on the monitor’s electronic circuit board (John and Freedson 2012).  
Acceleration forces act on the seismic mass, which causes the piezoelectric cantilevered arm 
 82 
 
to bend and a charge proportional to the strain on the piezoelectric element is generated 
(Tryon and Williams 1996).  The electric charge which is generated is then filtered by an 
analogue band-pass filter and digitalised by an 8-bit analogue-to-digital converter (ADC) at 
10 samples per second (Manufacturing Technology Inc. 2001).  This signal also undergoes 
‘full-wave rectification’, which means it is transformed to absolute acceleration values (John 
and Freedson 2012).  The ADC value is then summed over a predefined period of time 
known as an epoch and the output is reported in activity counts per epoch.  The epoch can be 
set at anything between 1 s and several minutes. 
 
Figure 2.3: The 7164 Actigraph accelerometer. 
 
Figure 2.4: Schematic representation of cantilever beam in the 7164 accelerometer. 
 
 
Seismic Mass 
Piezoelectric Element 
V 
Axis of 
Sensitivity 
Adapted from Chen & Bassett Jr (2005) 
 83 
 
The acceleration signal is band limited between 0.25 to 2.5 Hz, which, according to the 
manufacturers, has been selected to detect human movement and exclude motion from other 
sources (Manufacturing Technology Inc. 2001).  According to Chen and Bassett Jr (2005), a 
limitation of the piezoelectric accelerometer is that they have a phenomenon known as 
‘leakage’, in which the initial change in charge dissipates over time even if the static loading 
is still present.  This means that only dynamic events can be reliably monitored and they are 
not well suited to measuring different angles with respect to gravity, such as different body 
postures. 
 
2.5.5.1.2 GT1M and GT3X accelerometers 
The internal technology of the GT1M and GT3X is different to the earlier 7164 model.  Both 
the GT1M and GT3X consist of a solid-state accelerometer using an integrated 
micromachined monolithic integrated circuit chip (polysilicon) to detect acceleration 
(Analog Devices 2007). The GT1M uses a dual-axis micromechanical system accelerometer 
and the GT3X makes use of a triaxial capacitive micromechanical system (John and 
Freedson 2012).  The sensor is suspended by springs over the surface of silicon water and 
provides a resistance against acceleration forces (Analog Devices 2007).  One of the main 
differences with the accelerometer sensors in the GT1M and GT3X from the 7164 is that 
they can detect both dynamic acceleration (e.g. as a result of motion) and static acceleration 
(e.g. as a result of gravity forces).  This function allows the GT3 to have a inclinometer, so it 
can be used to detect position of the body, although the validity of the inclinometer to 
accurately detect body position is still under investigation and has not yet been validated. 
 
  
 
Figure 2.5: GT1M Actigraph accelerometer. 
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The GT1M and GT3X accelerometers use a 12-bit analogue-to-digital converter digitalised 
at 30 Hz, and similar to the 7164, the GT1M and GT3X record acceleration in the range 0.05 
to 2.0 G, making use of a band-pass filter that excludes signals outside the range 0.25 to 2.5 
Hz.  In addition, the GT1M and GT3X have an option to provide output in a pre-filtered 
mode and firmware released in 2010 allows data on the G force, sampled every 0.033 s, to be 
collected.  The GT1M and GT3X are exactly the same in all specifications, other than the 
fact that the GT3X has a triaxial accelerometry sensor, while the GT1M has a uniaxial 
accelerometry sensor.  Studies suggest that the GT1M and GT3X have good inter-model 
reliability, with similar output between reported between models when used in a uniaxial 
setting (John et al. 2010; Kahan et al. 2013; Kaminsky and Ozemek 2012). 
 
2.5.5.1.3 RT3 accelerometer 
The RT3 is a triaxial accelerometer which measures acceleration in three orthogonal planes: 
vertical, anteroposterior, mediolateral planes.  Figure 2.6  illustrates the RT3 with its 
sensitive axes. 
 
 
 
Similar to the Actigraph models, acceleration is measured and converted to a digital signal 
within the range 0.05 to 2.0 G and is sensitive to the range 2 - 10 Hz (Powell and Rowlands 
2004).  The RT3 has been reported to have good reliability during locomotive activity (CV < 
6%) (Powell and Rowlands 2004) and reasonable validity in treadmill walking with adults (n 
= 25, 18 – 65 y) (Hendrick et al. 2010).  There is less information available on the 
specifications of the RT3, such as the analogue-to-digital converter and the frequency of 
digital converter.  
y-axis: 
Anteroposterior 
axis 
x-axis: 
Vertical axis 
z-axis: 
Mediolateral 
axis 
Figure 2.6: RT3 accelerometer and axes of measurement. 
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Table 2.4 summarises the technical specification for the accelerometers used in the current 
thesis. 
 
Table 2.4: Technical specification of accelerometers used in this thesis. 
 7164 GT1M GT3X RT3 
Size (cm) 5.1 x 4.1 x 1.5  3.8 x 3.7 x 1.8 4.6 x 3.3 x 1.5 7.1 x 5.6 x 2.8 
Weight (g) 42.5 27 27 65.2 
Sensitive 
Axes  
Vertical (x)  Vertical (x) Vertical (x);  
ML (z);  
AP (y) 
Vertical (x);  
ML (z);  
AP (y) 
Sensitive 
range (G) 
0.05 - 2.0  0.05 - 2.0 0.05 - 2.0 0.05 - 2.0 
ADC 8-bit 12-bit 12-bit NA 
Frequency of 
digital 
converter 
10 Hz 33.33 ms (30 Hz) 33.33 ms (30 Hz) NA 
Band-pass 
filter 
0.25 to 2.5 Hz 0.25 to 2.5 Hz 0.25 to 2.5 Hz 2 to 10 Hz 
Battery 2430 coin cell 
lithium battery 
Prismatic lithium 
ion battery 
Prismatic lithium 
ion battery 
2 x AAA 
batteries 
Memory 64 KB 1 MB 16 MB NA 
Data storage 
capacity 
1 min epoch: 
22 days 
1-s epoch: 
8.9 hour  
1-min epoch: 365 
days 
1-s epoch: 4 days 
1-min epoch: 
5643.4 days 
1-s epoch: 94 
days 
1-min epoch: 
7 - 21 days 
1-s epoch: 3 - 9 
hours 
ADC: analogue-to-digital converter; AP: anteroposterior; ML: mediolateral; NA: not 
available. 
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2.5.6 Mechanical calibration of accelerometers 
Calibration of the accelerometers used in this study was undertaken using a mechanical set 
up based on a calibration unit developed by Brage et al. (2003).  This allowed for ‘unit 
calibration’ to ascertain whether accelerometers were providing similar information under 
test conditions (Welk 2005).  Determining the inter- and intra-unit reliability of 
accelerometers is important as the accelerometers were used over an extended period of 
time.  Calibration of accelerometers was undertaken both pre- and post-field data collection.  
The purpose of the calibration was to determine any sources of variation both pre- and 
post-field testing and to identify any technical problems with the accelerometers.  
 
The details of the calibration studies are reported in Appendix II i.  The results suggested that 
the GT1M models had good intra-unit reliability, with coefficient of variation (CV%) values 
ranging from 0.66 pre-field data collection and 1.57 post-field data collection.  The GT1M 
also had good inter-unit reliability between accelerometers of the same model with ICCs that 
were very close to 1 (perfect agreement) (0.99).  The RT3 and 7164 both had higher CV% 
values for intra-unit reliability (RT3 model: 5.19 pre- and 5.93 post-; 7164 model: 8.28 
pre- and 4.75 post-field data collection).  These findings are similar to the values reported in 
other mechanical calibration studies where the GT1M has been reported as having better 
reliability than the RT3 and the 7164 accelerometer (Esliger and Tremblay 2006; Rothney et 
al. 2008).  The CV% values of the accelerometer models and the ICC values were similar 
both pre-and post-data collection.  
 
Two of the 7164 accelerometry units failed during calibration testing pre-field data 
collection (data output was 0) and both were excluded from the analysis and not used in the 
field data collection.  Six 7164 accelerometers were included in the pre- and post-field data 
collection tests.  One GT1M was found to be faulty prior to data collection (it did not charge) 
and was returned to the manufacturer.  Nine GT1M accelerometers were tested in the pre- 
and post-field data collection.  During the field data collection one RT3 accelerometer 
stopped charging and had to be excluded from the research.  Ten RT3s were tested pre-field 
data collection and nine were tested post-field data collection. 
 
During the calibration process it was noted that the GT1M accelerometers were not 
synchronising with the PC clock.  This problem was not observed with the other models 
(7164 and the RT3) during simultaneous mechanical calibration.  The GT1M accelerometers 
were found to be 15 – 20 s out of sync from the PC clock.  Appendix II m illustrates some of 
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the raw data in 1-s epochs for the GT1M and the 7164 accelerometers collected during 
mechanical calibration, where the start and stop times with the PC clock are highlighted. It 
can be seen that the 7164 accelerometers are synchronised with the start and finish times of 
the mechanical calibration unit (which was timed with the PC clock). The GT1M 
accelerometers were 15 – 20 s out of sync from the PC clock. 
 
2.6 PROCEDURES AND ANTHROPOMETRIC MEASURES 
Following recruitment, anthropometric measures of the children’s height and weight were 
taken to allow characterisation of the sample population.  Weight was measured to the 
nearest 0.1 kg using Seca analogue scales (Seca United Kingdom, Birmingham, UK) and 
height to the nearest 0.1 cm using a Seca Leicester portable stadiometer.  To ensure 
standardisation in the measurement of height and weight the protocol outlined in the 
National Diet, Nutrition and Dental Survey of Children aged 1 ½ to 4 ½ years, 1992 – 3, was 
followed (Department of Health, 1995). 
 
To measure the child’s height, the child was asked to stand barefoot with their heels touching 
the back of the stadiometer.  The child was asked to look straight ahead with arms relaxed by 
their sides.  The researcher gently held the child’s head in two hands so that light upwards 
pressure was applied under the jaw anteriorly and occiput (base of the skull) posteriorly to 
provide maximum extension of the spine. Care was taken not to tilt the head and to maintain 
the ‘Frankfurt’ position of the head, whereby the inferior aspect of the orbit was parallel with 
upper margin of the ear canal (Office of Population Censuses and Surveys. Social Survey 
Division 1995).  The child was asked to breathe in and then out and to relax their shoulders 
without lifting their heels from the ground.  The horizontal head plate was then lowered until 
it made contact with the highest point of the child’s head and height was recorded to the 
nearest 0.1 cm. 
 
Children were weighed in light clothing and were asked to stand barefoot in the centre of the 
Seca scales with arm by their sides. Weight was measured to the nearest 0.1 kg. 
 
Using the height and weight data, the children’s BMIs were calculated.  BMI was calculated 
as the body mass in kg divided by the square of the height in metres (kg/m
2
).  In addition, the 
BMI scores were expressed as an age and sex adjusted standard deviation score (z-score), 
relative to the UK 1990 population reference data (Cole et al. 1995).  The proportion of 
children classified as being ‘healthy weight’, ‘overweight’ and ‘obese’ was determined using 
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the international cut off points for BMI for overweight and obesity by sex and age (Cole 
2002). 
 
Prior to data collection, the GT1M, 7164 and RT3 accelerometers were set up to collect data 
in 1-s epochs.  The accelerometers were initialised using a laptop PC and were set to start 
collecting the data at a pre-determined time (usually 1 hour prior to data collection 
commencing).  In this way the time on the PC was synchronised with the internal 
accelerometer clock.  The digital clock for the video camera was also synchronised with the 
time on the PC.  The video cameras were set to record data 15 minutes prior to children 
entering the outdoor play area.  
 
The GT1M and the 7164 were positioned on an elastic belt worn around the child’s waist, 
over the mid axillary line positioned over the child’s hip.  Attachment of accelerometers 
close to the centre of body mass has been advocated as the optimal position (Puyau et al. 
2002).  While wrist-worn accelerometers are available, Trost et al. (1998) argues that 
wearing accelerometers on the wrist may increase subject reactivity, increase the risk of the 
subject tampering with the device, and could pick up extraneous arm movements.  For these 
reasons the hip position for the GT1M and the 7164 accelerometers was chosen.  One 
accelerometer was positioned anterior to the other and the order of the positioning was 
randomised (Figure 2.7).   
 
The RT3 was clipped onto the child’s waist band of their trousers or skirt.  During piloting it 
was observed that the additional weight of the RT3 meant that when it was positioned on the 
elastic belt it caused extra movements of the belt and subsequently extra movements of all 
the accelerometers.  For this reason it was necessary to secure the RT3 to the waist band of 
the child’s clothing.  It was not possible to collect data from children who did not wear 
trousers or skirt, e.g. if they were wearing a summer dress. On these occasions the data were 
collected at a later date. The 7164, GT1M and the RT3 were worn on opposite sides to 
prevent the monitors coming into contact with each other, and the position was randomised. 
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Figure 2.7: Positioning of accelerometers. 
  
 
Following initialisation of the accelerometers the children were fitted with their 
accelerometers by the researcher.  The nursery teachers took the children into the playground 
for their usual, time-tabled, outdoor playtime of approximately 1 hour.  The children were 
free to run and play and no structure was put in place for this session.  If a child removed 
their accelerometer during the period of data collection, or tampered with the accelerometer 
they were wearing then these data were excluded and not used in the final analysis.  
 
Data were collected from CGU5 in August 2007 and from KLN between March and May 
2008.  During data collection only three to four children were wearing accelerometers at a 
time, therefore data were collected from the sample over several sessions, with six, 1 hour 
sessions being undertaken at the CGU5 and four, 1 hour sessions being undertaken at KLN.  
Sixteen participants were recruited from KLN (7 males, 9 females, mean (SD) age: 4.8 y, 
height: 108.4 (4.8) cm, weight: 19.3 (2.2) kg, BMI: 16.4 (1.2) kg/m
2
) and 15 participants 
were recruited from the CGU5 nursery (8 males, 7 females, mean (SD) age: 3.8 (0.7) y, 
height: 101.1 (5.5) cm, weight: 16.0 (1.7) kg, BMI: 15.6 (0.8) kg/m
2
).  The presence of 
younger children at CGU5 is explained by the data collection being undertaken at the start of 
the children’s academic year, whereas at KLN, children were older as data were collected 
towards the end of the pre-school year. 
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2.7 PILOT AND FAMILIARISATION 
The procedures were piloted over two sessions at CGU5 in July 2007 and one session at 
KLN nursery in February 2008.  The pilot sessions were undertaken to check the procedures 
used in data collection and to determine the optimal set-up for the video cameras to capture 
the playground area.  Initially one camera was used to collect data, but it became apparent 
that two were required to capture children in the different areas of the outdoor play areas.  
The pilot also allowed the children to become familiar with the researcher and to allow them 
to adjust to wearing the accelerometers.  Although earlier studies suggest low reactivity from 
wearing activity monitors (Vincent and Pangrazi 2002), there appeared to be some initial 
changes to behaviour in the children wearing the accelerometers.  However, the novelty of 
wearing the accelerometers appeared to diminish within the pilot session.  Following the 
pilot session, a change to the position of the RT3 was undertaken as outlined earlier.  In 
addition, the accelerometry belts were shortened to improve comfort for the children. 
 
2.8 DATA PROCESSING AND ANALYSIS 
Following data collection the data from the accelerometers were transferred to Excel for 
processing.  Using a macro created in Visual Basic for Applications, the data collected in 1-s 
epochs were re-integrated into 3-, 5-, 15-, 30- and 60-s epochs.  Cut-point thresholds were 
applied to the data to allow for calculation of time spent at each of the intensities (light, 
moderate and vigorous intensity physical activity), as well as time spent in sedentary 
behaviour.  Details of the thresholds applied are given within each of the study chapters.  
Data were processed using SPSS for Windows (version 15.0 and version 17.0).  Normality 
plots and analysis were conducted using Shapiro-Wilks as the sample size was less than 50, 
except in Chapter 8 where sample sizes were greater than 50 and the Kolmogorov-Smirnov 
statistic was used. 
 
Where the data were normally distributed (p >0.05) the means and standard deviations (SD) 
were presented.  Bar charts with the error bars to indicate the SD were used to present the 
normally distributed data graphically.  Parametric inferential statistics were used to 
determine differences or explore associations (details are provided in the respective study 
chapters).  Where the data were found to be not normally distributed (p < 0.05) the median 
and interquartile ranges (IQR) were presented.  With non-parametric data, the data were 
presented graphically using box plot graphs presenting the median, IQR and minimum and 
maximum values.  Non-parametric inferential statistics were used to determine differences 
and test for associations (details are given within the respective study chapters). 
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To evaluate the agreement between measures it is recognised that while correlation analysis 
can measure the strength of a relationship it can overlook systematic differences between 
variables (Oliver et al. 2007b).  Therefore, Bland and Altman plots with 95% (± 1.96 SD) 
limits of agreement (LOA) were determined (Bland and Altman 1986).   
 
Further details of the specific analysis undertaken in each of the studies are discussed within 
the respective study chapters. 
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 : EXAMINATION OF EPOCH EFFECT ON ESTIMATES OF CHAPTER 3
PHYSICAL ACTIVITY OF PRE-SCHOOL CHILDREN 
 
3.1 INTRODUCTION  
The content of this chapter was published as part of a review paper in 2008 (Reilly et al. 
2008).  The findings from the publication are presented in this chapter.  At the time of 
publication, no studies had previously explored the implications of epoch on estimates of 
physical activity in pre-school children.  However, since 2008 there are now small number of 
studies published in this area.  The implications of these studies will be considered in 
Chapter 4 which explores the accuracy of different epochs.  In addition, changes to the 
physical activity recommendations for health for pre-school children were published in the 
UK in 2011.  The findings of this first epoch chapter will also be considered in greater depth 
in relation to the new physical activity recommendations in the general discussion chapter 
(Chapter 9). 
 
When using accelerometers it is necessary to pre-set the sampling intervals or epochs for 
data collection, which conventionally have been between 15 s and 60 s.  Early accelerometry 
studies tended to use 1-minute epochs, in part due to the memory limitations of earlier 
models of accelerometers, which did not have the capacity to collect data over extended 
periods of time at shorter epochs (Rowlands et al. 2006).  It has been argued that use of 
longer epochs (e.g. 1 min) may not accurately capture the short, sporadic bursts of vigorous 
activity thought to be typical of young children (Trost 2001).  As a result of the perception 
that children tend to engage in intermittent bouts of high intensity physical activity, it is 
widely believed that shorter epochs would be more appropriate to use in studies with 
children.  This perception is based on the frequently cited study in which 15, 6- to 10-year-
old children were observed over 3 days (Bailey et al. 1995).  More recent studies using direct 
observation and heart-rate monitoring to measure patterns of physical activity in children 
suggest a much more sedentary pattern of behaviour with limited physical activity and 
patterns of physical activity much more like adults (Cardon and De Bourdeaudhuij 2007; 
McKee et al. 2005).  Despite this, the concern with using longer epochs is that the short burst 
of high-intensity activity will be averaged within the epoch which includes longer periods of 
low intensity activity.  As a result, high intensity physical activity could be misclassified 
within that epoch, leading to an underestimation of true levels of high intensity physical 
activity (Trost et al. 2005).  
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Two studies have investigated the influence that epoch can have on time spent at different 
intensities of physical activity in school-aged children.  Rowlands et al. (2006) compared 
outcomes with 1- and 60-s epochs in RT3 accelerometry data collected from 25, seven-to-11 
year olds over 1 hour.  The authors reported that the differences between the two epochs 
were minimal and the main effect was that some of the ‘very hard’ intensity physical activity 
was misclassified as ‘hard’ intensity physical activity when the longer epochs were applied.  
Nilsson et al. (2002) found no significant difference in the amount of time spent in light and 
moderate intensity physical activity with the Actigraph in 16, seven-year-old children when 
using different epoch settings (5-, 10-, 20-, 40- and 60-s epochs).  However, some of the 
vigorous intensity physical activity was misclassified as moderate intensity physical activity 
with the longer epochs.  One practical solution to this potential problem when using longer 
epochs is to classify moderate and vigorous activity together, as MVPA (Reilly et al. 2004).  
This is also biologically and clinically meaningful as prior to 2009 the public-health targets 
for physical activity in children and adolescents were expressed in terms of MVPA.  
Although the more recent recommendations for health are for pre-school children to engage 
in 180 min of total physical activity (TPA) per day (Department of Health, Physical Activity, 
Health Improvement and Protection 2011), as discussed in the background to the current 
thesis (Chapter 1, p. 8), the relationship between different intensities of physical activity and 
health is not clear.  Therefore, to gain further understanding of the relationship, accurate 
measurement of the different dimensions of physical activity is important. 
 
The implications of different epochs on estimates of physical activity and sedentary 
behaviour have not been investigated with pre-school children. In addition, the question 
regarding whether shorter epochs offer a more accurate means of quantifying physical 
activity levels in pre-school children has not been explored (Welk et al. 2000b). 
 
The aim of this study was:  
 To examine the influence of epochs on estimates of MVPA and sedentary behaviour 
of pre-school children with 7 - 10 days of free-living accelerometry data. 
 
3.2 METHODS 
A secondary data analysis of habitual accelerometry data collected from 32 children (5 and 
6 years) over 7 - 10 days was undertaken.  Data had been collected as part of a larger study 
conducted in 2002 into physical activity levels of pre-school children in Glasgow 
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(Montgomery et al. 2004).  All parents had given written informed consent to participation 
and the study had approval from Yorkhill Hospital Research Ethics Committee.  Table 3.1 
outlines the sample characteristics.  In this sample 69% were classified as ‘healthy weight’ 
and 31% were classified as overweight/obese, i.e. with a BMI at or above the 85
th
 centile 
relative to UK population reference data (Cole 2002). 
 
Table 3.1: Characteristics of sample (Chapter 3). 
 
3.2.1 Equipment 
Data were collected using 7164 Actigraph accelerometers set to collect data in 15-s epochs.  
The 7164 has been used extensively in physical activity research with young children (Fisher 
et al. 2005b; Jackson et al. 2003; Kelly et al. 2007) and has been found to be a valid and 
reliable instrument (de Vries et al. 2006; de Vries et al. 2009). 
 
3.2.2 Procedure 
Children wore the 7164 accelerometer during waking hours over a 10-day period (mean (SD) 
days: 9.3 (1.3)).  The mean registered time recorded per day was 654 min (approximately 11 
hour/day) which is considered to be sufficient hours per day to constitute a valid day 
(Anderson et al. 2005). 
 
3.2.3 Data Analysis 
The 15-s epoch accelerometry data were transferred to Excel and reintegrated into 30- and 
60-s epochs using the method adopted by Nilsson et al. (2002).  To estimate time spent at 
different intensities it was necessary to convert the raw accelerometry counts using 
previously published cut-points.  This was achieved by applying published cut-off values for 
accelerometry output to convert this to time spent in sedentary behaviour, moderate and 
 Mean (SD) 
 All  Male Females 
No. participants 32 17 15 
Age (years) 5.9 (0.7) 6.1(0.6) 5.7 (0.8) 
Height (cm) 115.1 (6.4) 120 (5.6) 110 (7.2) 
Body weight (kg) 21.7 (4.2) 22.6 (4.3) 20.9 (3.9) 
Body mass index (kg/m
2
) 16.3 (1.8) 16.5 (1.9) 16.1 (1.7) 
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vigorous intensity physical activity.  Using a programme developed with Visual Basic for 
Applications, the data were processed applying the cut-points defined by Puyau et al. (2002) 
to classify the data into time spent in moderate and vigorous intensity physical activity as 
well as grouping these into MVPA.  In addition, cut-points for sedentary behaviour by Reilly 
et al. (2003) were applied.  These cut-points, which were developed for 1-min epochs, were 
divided for the respective epochs. While other cut-points have been developed specifically 
for the pre-school population many of these predate the publication of this study (Van 
Cauwenberghe et al. 2011) and at the time of drafting the publication the decision was made 
to use the Puyau et al. (2002) as they had been validated for use in children using indirect 
calorimetry. Which cut-point is most accurate will be considered in Chapter 6. 
 
Table 3.2 presents the cut-points applied to the accelerometry data for the different epochs. 
 
Table 3.2: Cut-points applied. 
 Epochs (seconds) 
 15 s 30 s 60 s 
Sed
1 
(counts/epoch) < 275 < 550  < 1100 
MPA
2
 (counts/epoch) ≥ 800 to < 2050 ≥ 1600 to < 4101  ≥ 3200 to <8200 
VPA
2
 (counts/epoch) ≥ 2050 ≥ 4100 ≥ 8200 
MVPA
2
 (counts/epoch) ≥ 800 ≥ 1600 ≥ 3200 
MPA: moderate physical activity; MVPA: moderate-to-vigorous physical activity; 
1
Reilly et al. (2003) cut-points; 
2
Puyau et al. (2002)
 
cut-points; Sed: sedentary behaviour; 
VPA: vigorous physical activity. 
 
The number of minutes spent within each intensity was calculated.  The data were then 
analysed within SPSS (version 15.0).  The data were checked for normality using the 
Shapiro-Wilks test as the sample size was less than 30.  Results of the normality testing are 
presented in Appendix III (Appendix Table III.i).  Data were found to be significantly 
different from the normal distribution (p < 0.05) and therefore non-parametric statistics were 
used to analyse the results. 
 
Descriptive statistics on the median and interquartile (IQR) ranges were reported and the 
non-parametric test, the Kruskall-Wallis one-way ANOVA, was applied to test for any 
significant epoch effect (between 15-, 30- and 60-s epochs).  Post-hoc analysis was 
undertaken using the Mann-Whitney test, the non-parametric equivalent of the independent 
t-test (Field 2012), to test for differences between the different epoch settings.  To protect 
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against a type I error, the Bonferroni correction was undertaken (α/number of comparisons) 
(Field 2012) (e.g. 0.05/4 = 0.0125).  Significance level was therefore p < 0.0125. 
 
3.3 RESULTS 
 The median and IQR were explored and are presented in Table 3.3. 
 
Table 3.3: Median (IQR) minutes per day spent at each intensity.  
MPA: moderate physical activity; MVPA: moderate-to-vigorous physical activity; 
1
Reilly et al. (2003) cut-points; 
2
Puyau et al. (2002)
 
cut-points; Sed: sedentary behaviour; 
VPA: vigorous physical activity. 
 
It can be seen from Table 3.3 that there was little difference in the median number of 
minutes spent in sedentary behaviour (approximately 3 minutes over a day between 15- and 
60-s epochs), however, for MVPA there is a difference of 11 minutes between the median 
values for 15- and the 60-s epochs.  Figure 3.1 presents the median and IQR of the minutes 
per day spent in sedentary behaviour and Figure 3.2 for time spent in MVPA per day for 
different epoch lengths (15, 30 and 60 s). 
  
  Epoch (seconds) 
  15 s 30 s 60 s 
Sed
1
 (min/day) Median 532.6 531.5 529.5 
 IQR (140) (148) (145) 
MPA
2
 (min/day ) Median 25.9 22.5 16.0 
 IQR (21.3) (20) (18) 
VPA
2
 (min/day ) Median 1.3 0.5 0.0 
 IQR (3) (1.5) (1.0) 
MVPA
2
 (min/day ) Median 28.0 23.5 17.0 
 IQR (22.6) (20.6) (18.0) 
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Figure 3.1: Box plot of median (IQR) minutes per day spent in sedentary behaviour. 
Figure 3.2: Box plot of median (IQR) minutes per day spent in moderate-to-
vigorous physical activity. 
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The results of the MVPA box-plot illustrate the distribution of the data, highlighting that 
there were several outlier participants who had higher levels of MVPA, and similarly several 
outlier participants spent less time in sedentary behaviour.  Results of the Kruskall-Wallis 
test revealed that there was a significant difference between all epochs for moderate intensity 
physical activity (H(2) 57.56, p < 0.05), vigorous intensity physical activity (H(2) 149.41, 
p  < 0.05) and MVPA (H (2) 63.5, p < 0.05). There was no significant difference for epochs 
for sedentary behaviour (H(2) 0.43, p = 0.81). 
 
Post-hoc analysis was undertaken using the Mann-Whitney test to explore differences 
between the epochs for time spent engaged in MVPA.  Effect sizes (r) were calculated using 
the z-scores divided by the square root of the number of observations (Equation 3.1).  It was 
found that there was a significant difference between 15- and 30-s epochs and between 15- 
and 60-s epochs (Table 3.5) 
 
Equation 3.1: Calculation of effect size 
       
√                     
 
(Field 2012) 
 
The r effect sizes range from 0, suggesting no effect to 1 suggesting a perfect effect.  Table 
3.4 presents the effect size criteria proposed by Cohen (1988; 1992) for small and large 
effect sizes which are widely accepted (Field 2012). 
 
Table 3.4: Interpretation of effect sizes 
r Categorisation of effect Explanation of effect  
r = 0.10 Small effect explains 1 % of the variance 
r = 0.30 Medium effect explains 9 % of the variance 
r = 0.50 Large effect explains 25% of the variance 
 (Adapted from Field 2012) 
It can be seen in Table 3.5 that the effect sizes were small between 15- and 30-s epochs, and 
there was a medium effect size between 15- and 60-s epochs. 
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 Table 3.5: Effect sizes for MVPA activity 
Epoch 
difference 
p-value z-scores Effect size (r) 
15 s & 30 s 0.001 -3.82 -0.16 
 
15 s & 60 s 0.001 -7.84 -0.32 
 
 
3.4 DISCUSSION 
The results suggest that there was a significant epoch effect between the different epochs 
used for time spent in MVPA, in particular between 15- and 60-s epochs.  This could suggest 
that if data are recorded using 60-s epochs, the recorded number of minutes of MVPA during 
a day could be underestimated.  However, the difference for time spent in MVPA between 
15 s and 60 s was small (11 min/day), and there was a moderate effect size. It is unclear 
whether this difference is biologically or clinically significant.  This study provides some 
evidence to support the widespread perception that shorter epochs are essential to accurately 
measure physical activity in young children.  
 
It is notable that in this study pre-school children spent a limited amount of time per day 
engaging in vigorous intensity physical activity and the median minutes ranged from 0 to 1.3 
min/day (at 60- and 15-s epochs respectively).  There was a much larger epoch effect for 
time spent in moderate intensity physical activity.  In earlier studies the epoch effect was 
seen with high intensity physical activity (Nilsson et al. 2002; Rowlands et al. 2006) and this 
does not seem to be supported in the findings from the current study.  Although not 
presented in the Reilly et al. (2008) review paper, the time spent in LPA using the Puyau et 
al. (2002) cut-points (≥ 200cpm to 800 counts/15 s), would result in a median (IQR) minutes 
of 144.9 (56.3) min at 15-s epoch and 173.5 (79) min at 60-s epoch.  This difference of 28.6 
min/day could have considerable implications for estimates of a pre-school child’s TPA. 
 
In conclusion, an epoch effect was observed, with the 15-s epoch resulting in significantly 
(p < 0.05) more time in per day in MVPA than 60-s epochs.  There was a moderate effect 
size (r = -0.32) for this difference of 11 min/day.  
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 : AN INVESTIGATION INTO WHICH EPOCH IS MOST CHAPTER 4
ACCURATE FOR MEASURING PHYSICAL ACTIVITY OF PRE-SCHOOL 
CHILDREN 
 
4.1 INTRODUCTION 
This chapter is based on the researcher’s publication, Hislop et al (2012b), published in 
Pediatric Exercise Science in 2012.  
 
Since publication of the Reilly et al. (2008) review paper in 2008, a number of studies have 
explored the effect of using different epochs on estimates of physical activity under 
free-living conditions in school-aged children (Edwardson and Gorely 2010; McClain et al. 
2008) and pre-school-aged children (Mahar et al. 2008; Ojiambo et al. 2011; Reilly et al. 
2008; Vale et al. 2009).  However, few studies have examined the accuracy of shorter epochs 
(i.e. have compared the estimates of physical activity from different epochs against a 
criterion method).  Also the use of 60-s epochs for the assessment of high intensity activity 
continues to be questioned (Nilsson et al. 2002; Trost et al. 2005).  
 
Edwardson and Gorley (2010) collected accelerometry data over 7 days from 311, seven- to 
eleven-year-old children.  The authors reported that when estimating MVPA, 5- and 60-s 
epochs were not comparable and 5-s epochs resulted in significantly more minutes of MVPA 
than 60-s epochs (p < 0.01).  This epoch effect has been supported in studies of younger 
children.  Vale et al. (2009) found a significant difference in time spent in MVPA 
(p < 0.001) in 5- and 60-s epochs for accelerometry data collected from young children over 
4 school days (28 males, 31 females, mean (SD) age: 4.3 (1.1) y).  A mean difference of 
approximately 17 minutes of time spent in MVPA was reported between the two epochs 
used.  In contrast Reilly et al. (2008) reported a median difference of 11 min/day when 15- 
and 60-s epochs were compared in free-living data collected from 32, five and six year olds 
over 7-10 days, concluding that the biological significance of the differences was not clear 
(Reilly et al. 2008).  
 
In a study involving 72 pre-school children (mean (SD) age: 3.9 (0.6) y), Mahar et al. (2008) 
reported that there were significant differences for estimates of time spent at moderate, 
vigorous and MVPA when 1-s epochs were reintegrated into 3-, 5-, 15-, 30- and 60-s epochs. 
However, in an earlier study Nilsson et al. (2002) reported that there were no differences in 
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time spent in moderate activity but that there were significant differences in estimates of 
time spent in ‘hard’ and ‘very hard’ intensities when 5-s epochs were reintegrated into 
10-, 20-, 40- and 60-s epochs with data collected from 16, seven-year-old children over 
4 days.  Other studies have supported the fact that longer epochs can lead to misclassification 
of high intensity or vigorous activity (Dorsey et al. 2009; McGrath and Hinckson 2009; 
Rowlands et al. 2006).  
 
A limitation of many of the studies to date is the lack of a criterion measure of intensity to 
determine which epoch provides the most accurate estimate of physical activity intensity.  To 
date, only one study by McClain et al. (2008) has evaluated accelerometry epoch effect on 
estimates of physical activity, against a criterion measure.  In the study by McClain et al 
(2008) data was collected from 32 school-aged children, (mean (SD) age: 10.3 (0.5) y) over 
a 30-minute physical education (PE) class and the direct observation tool, the Computerized 
System for Observing Fitness Instruction Time (C-SOFIT), was used as a criterion measure 
(McKenzie 2002).  The authors reported that shorter epochs resulted in lower individual 
error in MVPA estimates (McClain et al. 2008). 
 
A limitation of the McClain et al. (2008) study is that the C-SOFIT scale is restricted as a 
criterion measure because it is only able to provide an aggregate value for the time spent at 
each intensity level (McClain et al. 2008).  The authors recommend that future studies use 
other direct observation methods which allow for storage of time-series data at the frequency 
of the minimum epoch under consideration.  In addition, the McClain et al. (2008) study 
looked at a structured PE class which does not necessarily reflect the intermittent free-play 
activity of younger children.  The current study therefore proposed to compare accelerometry 
estimates of physical activity intensity with the CARS (Puhl et al. 1990) direct observation 
scale which has been validated for use with young children (Puhl et al. 1990) and calibrated 
for use at 15-s epochs (Sirard et al. 2005).  
 
The aim of this study was: 
 To determine which epoch is most accurate for measuring physical activity in 
pre-school children during free-play 
 
4.2 METHOD 
Video and accelerometry data using the GT1M accelerometer were collected from a sample 
of 31 pre-school children while they engaged in 1 hour of free-play during their outdoor 
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play-time in their nursery (15 males, 16 females, mean (SD) age: 4.4 (0.8)y, height: 104.8 
(6.3) cm, weight: 17.7 (2.5) kg, BMI: 16.1 (1.1) kg/m
2
).   The mean BMI z-score for the 
sample was 0.20, with 90% classified as ‘healthy’ weight, 10% classified overweight/obese 
i.e. BMI at or above 85
th
 centile relative to UK population reference data (Cole 2002).  The 
details of the methods adopted in this study are outlined in the general methods chapter 
(Chapter 2).  The GT1M accelerometers were set to collect data in 1-s epochs. 
 
Data Analysis 
Following data collection, the accelerometry data were transferred to an Excel spreadsheet 
and the 1-s epochs reintegrated into 5-, 15-, 30-, and 60-s epochs.  Using a programme in 
Visual Basic for Applications the data were processed using predetermined age-specific 
cut-points for physical activity intensity level, as validated with pre-school children by Sirard 
et al. (2005) for the Actigraph model 7164 (Table 4.1).  As discussed in Chapter 3, other 
cut-points are available, but at the time of data analysis (which was undertaken in 2008 - 9) 
the Sirard et al. (2005) age-specific cut-points for pre-school children were considered to be 
most appropriate.  To calculate the cut-points for the shorter epochs, cut-points for 60 s were 
divided by 60, then multiplied to calculate the cut-points for 5-, 15-, 30- and 60-s epochs, as 
undertaken in earlier studies (Nilsson et al. 2002; Reilly et al. 2008).  The number of minutes 
spent in sedentary behaviour, LPA, VPA and MVPA were calculated.  In addition, time 
spent in total physical activity (TPA) was calculated by combining time spent in light 
intensity physical activity (LPA) and MVPA. 
 
Table 4.1: Accelerometry cut-points for physical activity and sedentary behaviour. 
  Counts/15 s 
Age Sed LPA MVPA VPA TPA 
3 year-olds  < 301 ≥ 302 to ≤ 614 ≥ 615 ≥ 1231 ≥ 302 
4 year-olds < 363 ≥ 364 to ≤ 811 ≥ 812 ≥ 1235 ≥ 364 
5 year-olds  < 398 ≥ 399 to ≤ 890 ≥ 891 ≥ 1254 ≥ 399 
LPA: light physical activity; MVPA: moderate-to-vigorous activity; Sed: sedentary 
behaviour, TPA: total physical activity; VPA: vigorous physical activity. 
(Sirard et al. 2005) 
 
Normality tests were conducted using the Shapiro-Wilks statistic because the sample was 
less than 50 and the data were found to be non-normally distributed (p < 0.001) (Appendix 
IV, Appendix Table IV.i).  Descriptive data on the median values and IQR values were 
calculated and are presented. 
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The CARS scale (Puhl et al. 1990) was used in this study as the criterion measure to directly 
observe and score the children’s physical activity during free-play.  The rationale and the 
method adopted for scoring the CARS is outlined in the general methods chapter (Chapter 
2).  The CARS was coded in 15-s epochs and this allowed comparison to be made with 
accelerometry data from 15-, 30- and 60-s epochs.  The Wilcoxon signed rank test, which is 
the non-parametric equivalent of the paired t-test, was used to compare time spent in 
sedentary behaviour and different intensities of physical activity against the CARS at 15-s 
and 60-s epochs.  A Bonferroni correction was applied to adjust the level of significance to 
reduce the risk of a Type I error (α/number of comparisons).  Bland and Altman plots (Bland 
and Altman 1986) were used to compare accelerometry estimates of physical activity against 
the CARS for data collected at 15- and 60-s epochs. 
 
4.3 RESULTS 
Table 4.2 presents the median (IQR) of the minutes spent at LPA, MVPA and of the time 
spent in sedentary behaviour when different epoch lengths are used.  Figure 4.1 illustrates 
the differences in the median (IQR) minutes of time spent in MVPA when different epoch 
lengths are used. 
 
Table 4.2: Median (IQR) minutes of time spent in different intensities (Sirard et al, 
(2005) cut-points). 
LPA: light physical activity; MVPA: moderate-to-vigorous activity; Sed: sedentary 
behaviour, TPA: total physical activity; VPA: vigorous physical activity. 
  
 Epoch (seconds) 
 1 s 5 s 15 s 30 s 60 s 
Sed 33.6 (14.5) 30.2 (13.7) 29.8 (14.5) 27.0 (16.0) 25.0 (19.0) 
LPA 5.7 (3.8) 8.3 (4.7) 12.5 (7.3) 14.5 (10.0) 15.0 (15.0) 
VPA 2.9 (2.7) 1.5 (2.3) 0.5 (1.3) 0.0 (1.0) 0.0 (0) 
MVPA 7.1 (4.9) 7.2 (5.6) 5.5 (6.0) 3.0 (6.0) 2.0 (4.0) 
TPA 13.9 (7.0) 15.8 (9.4) 16.7 (10.8) 19.0 (13.5) 18.0 (15.0) 
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In Figure 4.1 can be seen that with shorter epochs more minutes are classified as MVPA.  
 
Table 4.3 presents the median (IQR) minutes for time spent in sedentary behaviour, LPA, 
VPA, MVPA and TPA when 15- and 60-s epochs are used, compared against the CARS 
criterion measure (Puhl et al. 1990).  
 
Table 4.3: Median (IQR) minutes spent at different intensities comparing 15- and 60-s 
epochs. 
 Epoch (seconds) 
Intensity level CARS 15 s 15 s 60 s 
Sed 12.0 (11.3) 29.5(14.5)* 25.0 (19.0)* 
LPA 27.8 (14.8) 12.5 (7.3)* 15.0 (15.0)* 
VPA 0.3 (1.8) 0.5 (1.3) 0.0 (0.0) 
MVPA 4.8 (6.0) 5.5 (6.0) 2.0 (4.0)* 
TPA 33.0 (13.5) 16.8 (10.8)* 18.0 (15.0)* 
*significant difference between estimate and CARS value (p < 0.001); IQR: inter quartile 
range; LPA: light physical activity; MVPA: moderate-to-vigorous activity; Sed: sedentary 
behaviour; TPA: total physical activity; VPA: vigorous physical activity. 
Figure 4.1: Box plot of median (IQR) minutes for time spent in MVPA using different 
epochs.  
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There were significant differences between the number of minutes classified by the CARS as 
sedentary behaviour, LPA and TPA and the accelerometry estimates (p < 0.001).  It is 
interesting to note that more time was classified as sedentary and less time as LPA with the 
accelerometry estimates in comparison to the CARS.  The median (IQR) number of minutes 
classified as MVPA by CARS was 4.8 (6.0) min, while the median MVPA by the GT1M 
ranged from 2.0 (4.0) min at 60-s epoch to 5.5 (6.0) min at 15-s epochs.  There was no 
significant difference between accelerometry estimates of MVPA collected in 15 s compared 
with the CARS (z = -1.27, p  =  0.21, r = 0.23). 
 
Bland and Altman plots were undertaken to explore agreement between estimated minutes of 
MVPA using 15- and 60-s epochs, compared against the CARS criterion measure (Figure 4.2 
and Figure 4.3 respectively).  The mean difference (LOA) between the number of minutes 
recorded by the GT1M and direct observation (CARS Level 4 and 5) was 0.8 (-6.2 to 7.8) 
min at 15-s epochs and 3.2 (-6.8 to 13.2) min at 60-s epochs.  It can been seen that when 
using 60-s epochs there were wider limits of agreement than with the 15-s epochs and the 
difference appears to increase in magnitude as estimated time spent in MVPA increases.  
Both plots reveal heteroscedasticity, suggesting data were randomly distributed, with no 
systematic bias (Corder et al. 2007).  
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Figure 4.3: Bland and Altman plot of accelerometry estimates of MVPA at 60-s epoch 
 against the CARS. 
 
MVPA: moderate-to-vigorous activity. Solid line depicts mean difference and the dotted line the  
limits of agreement (LOA) Mean difference (LOA) 3.25(-6.8 to 13.2) min. 
MVPA: moderate-to-vigorous activity. Solid line depicts mean difference and the 
dotted line the limits of agreement (LOA). Mean difference (LOA) 0.8 (-6.2 to 7.8) min. 
 
Figure 4.2: Bland and Altman plot of accelerometry estimates of MVPA at 15-s epoch 
against the CARS. 
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4.4 DISCUSSION 
The aim of this study was to determine which epoch is most accurate for measuring physical 
activity in pre-school children during free-play.  Similar to earlier studies, the results from 
this study suggest there is an epoch effect, with shorter epochs recording greater numbers of 
minutes of MVPA (Edwardson and Gorely 2010; Mahar et al. 2008; Reilly et al. 2008; Vale 
et al. 2009).  There was a 5.1 minute difference in estimates of the median time spent in 
MVPA when 1-s epochs were compared with 60-s epochs.  This may be as a result of the 
smoothing effect whereby the shorter bouts of MVPA activity are averaged with longer 
bouts of lower intensity activity over an epoch, resulting in activity for the epoch being 
misclassified as low intensity (McClain et al. 2008). 
 
In the current study there was, however, good absolute agreement between the 15-s epoch 
estimates of time spent in MVPA and the CARS criterion measure at 15 s.  It was not 
possible from the methods adopted in this study to determine if shorter epochs, e.g. less than 
15 s, would offer greater accuracy for assessing intensity of physical activity, as the CARS 
was scored in 15-s periods.  Later studies have scored the CARS using second-by-second 
coding to allow comparison with accelerometry data collected at shorter epochs (Oliver et al. 
2009).  However this approach to using the CARS has not been validated and it is possible 
that coding observations in 1-second intervals could increase the risk of human error.  While 
a difference of 5.1 minutes of time spent in MVPA between 1- and 60-s epoch may not seem 
a large amount of time, if extrapolated over a day this could result in large differences in 
estimates of MVPA and it is still possible that 15-s epochs could result in an underestimation 
of time spent in MVPA.  Recent studies have recommended that shorter epochs of 1 to 5 s 
should be used in studies of young children, although there is no empirical evidence to 
support these shorter epochs (Ojiambo et al. 2011).  It is, however, argued that shorter 
epochs offer greater sensitivity to detect changes in the intensity of physical activity, as well 
as to detect the brief interruptions (rest during high intensity activity) (Ayabe et al. 2013). 
 
While there was a non-significant difference in time spent in vigorous physical activity using 
the different epochs, there were very few minutes of vigorous activity recorded over the 
1-hour period (median (IQR): 0.5 (1.3) min with 15-s epoch).  While this vigorous time may 
be misclassified as moderate intensity physical activity, it seems more likely that moderate 
intensity activity was being misclassified as LPA (median (IQR): 1.0 (3.0) min at 60-s epoch 
compared to 4.5 (4.5) min at 15-s epoch).  The results of this study suggest that for sedentary 
behaviour, LPA and TPA there was a significant difference between the accelerometry 
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estimates and the CARS at all epoch lengths.  This may be explained in part by the 
cut-points adopted to classify the data into different intensities.  The concern with the 
differences in estimates of physical activity intensity resulting from the application of 
different accelerometry cut-points is highlighted in the study discussed in Chapter 6 of this 
thesis. 
 
In addition to the concern over which cut-points are accurate, is that the Sirard et al. (2005) 
cut-points have been developed and validated for the 7164 accelerometer, which has a 
different internal technology from the GT1M accelerometer (John et al. 2010).  It is unclear 
whether these cut-points are appropriate or valid for the GT1M and this methodological 
concern will be the focus of Chapter 6.  Finally, it is unclear whether these differences may 
in part be due to the sporadic nature of physical activity seen in younger children and 
whether triaxial accelerometers offer a more accurate means of measuring their physical 
activity. This will be the focus of the next chapter. 
 
In conclusion, there is good absolute agreement between accelerometry estimates of MVPA 
at 15-s epochs and the criterion measure of direct observation.  The results suggest that 
grouping the time spent in moderate and vigorous intensity physical activity together into 
one category of MVPA possibly addresses the concern with vigorous intensity activity being 
misclassified as moderate intensity (Reilly et al. 2008).  However in this study, time spent in 
moderate intensity physical activity is also possibly being misclassified as light physical 
activity when longer epochs are used. 
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 : COMPARISON OF TRIAXIAL VERSUS UNIAXIAL CHAPTER 5
ACCELEROMETRY DURING FREE-PLAY IN PRE-SCHOOL CHILDREN 
 
5.1 INTRODUCTION 
This chapter is based on the researcher’s study, Hislop et al. (2012b), published in Pediatric 
Exercise Science in August 2012. 
 
Accelerometers are sensors which measure acceleration of an object, such as the body, along 
one or more reference axis (Yang and Hsu 2010).  Different types of accelerometers are 
available, including uniaxial accelerometers, which measure acceleration in the vertical 
plane, omnidirectional accelerometers, which are sensitive to motion in any direction (Chen 
and Bassett 2005), and triaxial accelerometers, which have the ability to measure 
acceleration in three orthogonal planes (vertical, anteroposterior, mediolateral) and can 
provide a vector magnitude value for acceleration (Vanhees et al. 2005).  
 
The majority of accelerometry studies with pre-school children have used the Actigraph 
uniaxial accelerometers which are positioned so as to measure acceleration of the body in the 
vertical plane (Cain et al. 2013).  The accuracy of these studies has been called into question 
because unlike triaxial accelerometers, uniaxial accelerometers are unable to detect 
movements in all three planes (Trost et al. 2005).  It has been argued that since pre-schoolers 
participate in activities that require less vertical movement and more omnidirectional 
movement, triaxial accelerometers might be better able to capture and characterise their 
movement (Tanaka and Tanaka 2009).  It would therefore theoretically be preferable to use 
triaxial accelerometry rather than uniaxial accelerometry.  However, few studies with 
children have carried out formal comparisons of triaxial versus uniaxial devices (Eston et al. 
1998; Ott et al. 2000; Welk et al. 2000a) and there is no conclusive evidence that one model 
is superior to another (Rowlands 2007). 
 
In one of the first studies to compare triaxial with uniaxial accelerometers in children, Eston 
et al. (1998) found that the Tritrac-RD3 triaxial accelerometer (Professional products, 
Reining, Madison, WI, USA) was more accurate at predicting oxygen uptake than the 7164 
uniaxial accelerometer in 30 children (mean (SD) age: 9.2 (0.8) y) who undertook treadmill 
walking and running, as well as structured activities.  However, a possible limitation of this 
study is that it was laboratory based and did not examine unstructured free-living physical 
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activity characteristics of young children.  In the Eston et al. (1998) study both the uniaxial 
and the Tritrac-R3D accelerometers collected data in 1-min epochs which, as discussed in 
Chapter 3 and Chapter 4, may not accurately capture the physical activity behaviour of pre-
school children.  Finally, the Tritrac-R3D was a rather bulky monitor (120 x 65 x 22 mm, 
168 g), which needed to be taped in place to prevent unwanted movements and it is not clear 
whether these factors mean that younger children may not have tolerated wearing these 
accelerometers over an extended period of time.  The Tritrac-R3D has, however, 
subsequently been replaced by the much smaller, more user-friendly RT3 accelerometer (71 
x 56 x 28 mm, 65.2g), which can collect data in 1-s epochs (Powell and Rowlands 2004).  
While Rowlands et al. (2004) have validated the RT3 against a criterion measure of oxygen 
uptake in school-aged children (n = 19, mean (SD) age: 9.5 (0.8) y), they reported that the 
output from the RT3 was not comparable with the Tritrac-R3D. They found that the 
threshold count for the RT3 was significantly higher (p < 0.05) than for the Tritrac-R3D for a 
variety of activities, including treadmill walking and running, as well as kicking a ball and 
playing hopscotch. 
 
To date, the only study with pre-school children which has set out to compare a uniaxial 
accelerometer with an accelerometer which can measure in different planes is by Kelly et al. 
(2004).  In this study, the 7164 uniaxial accelerometer was compared with the Actiwatch, an 
omnidirectional accelerometer, both of which were worn simultaneously by 78 three- to 
four-year-old children who were observed in free-play for 45 minutes.  Accelerometry 
outputs were compared against the CPAF direct observation measure (O'Hara et al. 1989).  
The results suggested that the uniaxial accelerometer had greater accuracy as the output was 
significantly positively correlated with the CPAF for total physical activity (r = 0.72, 
p < 0.05).  In contrast, the Actiwatch was not correlated with the CPAF (r = 0.16, p > 0.05) 
(Kelly et al. 2004).  However, it is argued that while the sensor in the Actiwatch is 
omnidirectional, it is most sensitive to acceleration in the vertical plane (Chen and Bassett 
2005) and functions as a single axis device (Pate et al. 2010).  Therefore, whether it is 
advantageous to use accelerometers which measure acceleration in different planes 
simultaneously for the measurement of physical activity in pre-school children has still to be 
determined. 
 
Triaxial accelerometers, particularly the RT3 monitor, have been widely used in studies with 
school-aged children (Chu et al. 2007; Eston et al. 1998; Hoos et al. 2004; Hussey et al. 
2009; Hussey et al. 2009; Louie et al. 1999; Ott et al. 2000; Rowlands et al. 1998; Rowlands 
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et al. 2004; Rowlands and Eston 2005; Sun et al. 2008) and adolescents (Vanhelst et al. 
2010a; Vanhelst et al. 2010; Vanhelst et al. 2012).  However, only three triaxial 
accelerometry studies have been conducted with pre-school children (Tanaka et al. 2007; 
Tanaka and Tanaka 2009; Tanaka et al. 2012) and these used the ActivTracer (GMS, Tokyo, 
Japan) triaxial accelerometer.  In the first study, linear and non-linear equations were used to 
estimate EE and physical activity ratio (PAR) from the ActivTracer data using indirect 
calorimetry as the criterion measure.  Data were collected from 27 pre-school children (mean 
(SD) age: 0.6 (0.3) y) who engaged in nine different activities.  The accelerometry count 
(expressed as mG) was calculated as the change in absolute values for acceleration in each 
direction (vertical, anteroposterior, mediolateral).  In addition ‘synthetic’ (synthesised tri 
axes vector) acceleration counts were obtained during the nine movements.  The ActivTracer 
accelerometer was found to provide valid measures of EE and PAR.  The threshold between 
light and moderate activity was identified as being 395 mG.  The sensitivity and specificity 
of this threshold were 77% and 94% respectively to distinguish between light and moderate 
intensity physical activity with the ‘synthetic’ and vertical/horizontal acceleration counts.  In 
the authors’ subsequent study the ActivTracer was used to provide concurrent validity for 
pedometry step counts for MVPA with data collected from 212 pre-school children (4 to 6 y) 
over 6 days.  In this second study the authors used 130 to 600 mG as the accelerometry 
threshold for MVPA.  While these are the only studies to date to have published cut-points 
for triaxial accelerometry for pre-school children, unfortunately the Tanaka et al. (2007) cut-
points are not applicable for use with the RT3 accelerometer. 
 
Despite the availability of the RT3 and its wide use in studies of school-aged children and 
adolescents, its validity has neither been investigated with pre-school populations, nor has a 
comparison of the RT3 with uniaxial accelerometry been undertaken to determine whether 
triaxial offers a more accurate means of quantifying physical activity behaviour.  It is 
therefore unclear whether there are advantages from using a triaxial accelerometer to 
measure physical activity of pre-school children.  Finally, given the growing number of 
studies which are using triaxial accelerometry, it would also be beneficial to know whether 
the uniaxial and triaxial devices give similar information, to allow comparison between 
outcomes of different studies.  
 
The aim of this study was: 
 To investigate whether there are advantages to using triaxial over uniaxial 
accelerometry to measure physical activity in pre-school children during free-play.  
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5.2 METHOD 
Video and accelerometry data were collected from a convenience sample of 31 pre-school 
children while they engaged in 1 hour of free-play during unstructured play-time in their 
nursery (15 males, 16 females, mean (SD) age: 4.4 (0.8) y, height: 104.8 (6.3) cm, weight: 
17.7 (2.5) kg, BMI: 16.1 (1.1) kg/m
2
).  The sample had a mean BMI z-score of 0.20 and 90% 
were classified as ‘healthy’ weight and 10% classified as overweight/obese i.e. BMI at or 
above 85
th
 centile relative to UK population reference data (Cole 2002).  In this study 
measurements were taken simultaneously from two accelerometers: the GT1M Actigraph 
uniaxial model and the RT3 triaxial accelerometer.  The RT3 accelerometer measures 
acceleration in the three orthogonal planes: vertical, anteroposterior, mediolateral.  The RT3 
was set to provide vector magnitude data which combines data from all three axis of motion.  
The raw data from both accelerometers were filtered and digitised, converting it to activity 
counts over a predefined period (epoch).  These activity counts can be compared against 
predetermined cut-points for intensity levels.  In the current study the epoch was set at 1 s.  
The details of the method for this study are outlined in the general methods chapter (Chapter 
2).  
 
Data from the accelerometers were transferred to an Excel spreadsheet and the 1-s epoch 
reintegrated into 15-s epochs (Edwardson and Gorely 2010).  Using a Visual Basic for 
Applications programme in Excel, the data were processed using age-specific cut-points for 
MVPA intensity level, as validated with pre-school children by Sirard et al. (2005) for the 
7164 accelerometer and applied to the GT1M data in this study (GT1M
s
).  Several other 
MVPA cut-points have been published for the Actigraph for young children, ranging from 
368 cpm to 3200 cpm (Table 5.1) and the data were also processed using these cut-points to 
allow comparison. 
 
While there are several published cut-points for the RT3 for older children (Table 5.1), many 
have been developed from calibration studies which have used three METs as the threshold 
for MVPA.  It is recognised that applying adult MET values may not be appropriate, as 
children’s resting metabolic rates are higher (Ridley and Olds 2008).  Sun et al. (2008) 
validated cut-points for several moderate free-living activities, including kicking and 
catching a ball, walking and jogging.  Two of the cut-points suggested by Sun et al. (2008) 
were selected for the current study: walking relaxed (RT3
WR
; counts for MVPA > 413 
counts/15 s) and light jog (RT3
LJ
; counts for MVPA > 780 counts/15 s).  Data processing 
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was undertaken to allow cross comparison between minutes of MVPA resulting from the 
application of the different RT3 cut-points. 
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Table 5.1: Summary of calibration studies of cut-points for the RT3, and Actigraph (GT1M & 7164 models) accelerometers in children. 
CARS: Children’s Activity Rating Scale; FL: free-living; LJ: light jog; MVPA: moderate-to-vigorous activity; R: run; TM: treadmill; W: walk; WR: 
walking relaxed. 
Accelerometer 
model 
Authors No. participants (n), 
age range, mean (SD) 
Criterion 
measure 
Activities Criterion for MVPA 
intensity 
MVPA, 
counts/15 s 
RT3  Chu et al. (2007) 35 
8 - 12 y, 11.1 (1.0) y 
VO2 (portable 
metabolic unit) 
TM W, R ≥ 3 METs ≥ 465 
RT3 Rowlands et al. 
(2004) 
19 
9.5 (0.8) y; Boys only 
VO2 (portable 
metabolic unit) 
TM W, R, other ≥ 3 METs ≥ 243 
RT3 Sun et al. (2008) 25 indoor; 8 outdoor 
12 - 14 y 
VO2 (portable 
metabolic unit) 
Sit, cycle, TM W, R, 
FL 
WR 
LJ 
WR ≥ 413 
LJ ≥ 780 
RT3 Vanhelst et al. 
(2010b) 
40 
10 - 16 y 
VO2 (portable 
metabolic unit) 
TM W, R TM W, R at ≥ 3 km∙h-1 ≥ 238 
7164 Evenson et al. 
(2008) 
33 
5 - 9 y, 7.3 (1.1) y 
VO2 (portable 
metabolic unit) 
W, R, other TM brisk W, R ≥ 3 mph, dribble 
basketball, stair climbing, 
jumping jacks. 
≥ 574 
7164 Freedson et al. 
(1997) 
80 
6 - 18 y 
VO2 (portable 
metabolic unit) 
TM W, R ≥ 3 METs 3 y ≥ 92 
4 y ≥ 111 
5 y ≥ 133 
7164 Pate et al. (2006) 29 
3 - 5 y, 4.4 (0.8) y 
VO2 (portable 
metabolic unit) 
Rest, TM W, R, FL TM brisk walking ≥ 420 
7164 Puyau et al. 
(2002) 
26 
6 - 16 y, 10.7 (2.9) y 
VO2 (room 
calorimetry) 
W, R, FL  TM walk, run at ≥ 3.5 mph (6 - 7 
y olds); 4.5 mph (8 - 16 y olds). 
MVPA free-play  
≥ 800 
7164 Sirard et al. 
(2005) 
16 
3-, 4-, 5- y 
CARS Sit, play, W, R Fast W, run ≥ 4.3 ± 0.6 km∙h-1 3 y ≥ 615 
4 y ≥ 812 
5 y ≥ 891 
GT1M Van 
Cauwenberghe et 
al. (2011) 
18 
4 - 6 y, 
5.8 (0.3) y 
CARS TM W, R  
FL W 
Brisk W ≥ 4.8 km∙h-1.  
CARS score 3.1 - 4.0 
≥ 585 
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Analysis 
Data were imported into SPSS (version 17) for analysis.  Normality tests were conducted 
using the Shapiro-Wilks statistic since the sample was less than 50.  The count per minute 
(cpm) data were found to be normally distributed (p > 0.05); and the mean and SD were 
reported.  All other data on minutes spent in MVPA were found to be not normally 
distributed (Appendix V, Appendix Table V.i).  As a result the median and interquartile 
range values (IQR) were reported for these variables.  Pearson’s correlation coefficient was 
calculated to explore the relationship between total cpm for each accelerometer.  Spearman’s 
rank correlation was calculated to determine whether the different approaches provided a 
similar relative assessment of MVPA when compared against the CARS score.  
 
Using the Friedman’s Repeated Measures ANOVA the difference between the number of 
minutes of MVPA recorded by each accelerometer model and direct observation at 15-s 
epochs was explored, with post hoc analysis using the Wilcoxon signed-rank test.  To reduce 
type I error a Bonferroni correction was applied so that the significance level was set at 
p < 0.01.  Finally, Bland and Altman plots with limits of agreement were plotted to explore 
the relationship between the accelerometry estimates of MVPA and the CARS criterion 
measure of MVPA (Bland and Altman 1986). 
 
5.3 RESULTS 
During the 1 hour of free-play the mean (SD) of total counts per minute (cpm) for the RT3 
was 1544 (442) cpm and for the GT1M was 1300 (476) cpm. There was a significant 
positive correlation (r = 0.72, p < 0.001) in the total counts between the RT3 and the GT1M 
accelerometers. Spearman’s rank order correlations between accelerometry cpm and 
percentage time spent in MVPA as recorded by direct observation for the GT1M was 
r = 0.56 (p < 0.01) and for the RT3 r = 0.39 (p < 0.03). 
 
Table 5.2 presents the median (IQR) of minutes of MVPA at 15-s epochs resulting from the 
application of the different published cut-points for the RT3 and GT1M accelerometers.  
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Table 5.2: Comparison of median (IQR) minutes of MVPA as classified by cut-points. 
CARS: Children’s Activity Rating Scale; GT1Ms: Sirard et al. (2005) cut-points; RT3WR: 
walking relaxed; RT3
LJ
: light jog. 
 
Using the Friedman’s Repeated Measures ANOVA there was a significant difference 
between the number of minutes of MVPA at 15-s epoch between the GT1M
s
, RT3
LJ
, RT3
WR 
and the CARS score (χ2 (3) = 58.5, p < 0.05).  Post hoc analysis with the Wilcoxon test using 
a Bonferroni correction revealed that there was a non-significant difference between the 
number of minutes classified as MVPA using the GT1M
s 
(Mdn = 5.5) and the CARS 
(Mdn = 4.8, z = -1.266, p = 0.206) and the CARS
 
(Mdn = 4.8) and the RT3
LJ
 (Mdn = 5.8, z = 
-7.46, p = 0.456) and between the GT1M
s
 (Mdn = 5.5)  and the RT3
LJ 
(Mdn = 5.8, 
z = -0.844, p = 0.399).  There was a significant difference between the CARS (Mdn = 4.8) 
and the RT3
WR
 (Mdn = 17.0, z = -4.861, p < 0.00). 
 
Bland and Altman plots were undertaken to explore agreement between the mean number of 
minutes of MVPA determined using the CARS criterion measure at 15-s epochs and the 
GT1M
s
 data, the RT3
LJ
 and the RT3
WR
 (Figure 5.1). The mean difference (LOA) between the 
number of minutes recorded by GT1M and direct observation (CARS Level 4 and 5) was 0.8 
(-7.7 to 6.3) min.  The mean difference (LOA) for the RT3
WR
 was -12.3 (-27.4 to 3.2) min 
and for the RT3
LJ
 was 0 (-9.0 to 9.0) min. 
.
Authors Accelerometer 
model/CARS  
Median (IQR) min 
MVPA 
Puhl et al.  CARS 4.8 (6.0) 
Vanhelst et al.  RT3 27.5 (12.8) 
Rowlands et al. RT3 27.3 (12.3) 
Sun et al. RT3
WR
 17.0 (10.3) 
Sun et al. RT3
LJ
 5.8 (5.8) 
Chu et al.  RT3 15.3 (9.0) 
Freedson et al.  GT1M 31.0 (12.3) 
Pate et al.  GT1M 14.3 (11.8) 
Evenson et al.  GT1M 9.0 (9.5) 
Van Cauwenberghe et al. GT1M 8.8 (9.3) 
Sirard et al.  GT1M
s 
 5.5 (6.0) 
Puyau et al.  GT1M 4.3(6.0) 
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Figure 5.1: Bland and Altman Plots of MVPA (i) between CARS and GT1M
s
  
(ii) between CARS and RT3
LJ
 (iii) between CARS and RT3
WJ 
at 15-s epoch. 
 
 
 
 
(i) 
(ii) 
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5.4 DISCUSSION 
The aim of the current study was to compare the GT1M uniaxial accelerometer with the RT3 
triaxial accelerometer to determine whether the RT3 triaxial accelerometer is more accurate 
in capturing physical activity levels of pre-school children.  The study found no evidence 
that the RT3 triaxial accelerometer is more accurate than the GT1M uniaxial accelerometer 
for estimates of absolute amount of time spent in MVPA.  
 
A significant positive correlation in the accelerometry output between the RT3 and GT1M 
models (r = 0.72) was found and the Spearman’s rank order correlation with percentage time 
spent in MVPA as measured by the CARS was significant.  However, the correlations were 
not strong for either accelerometer (GT1M r = 0.56 and RT3 r = 0.39), suggesting possible 
limitations in the relative assessment of MVPA if raw accelerometry count output is used. 
 
CARS: Children’s Activity Rating Scale; WR: walking relaxed; LJ: Light Jog.  The solid lines depict the 
mean difference in time and the dotted lines indicate the limits of agreement (LOA). 
 
(iii) 
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The results of this study illustrate the problems that occur as a consequence of applying 
different cut-points to accelerometry data.  The cut-points for Actigraph accelerometers 
range from 368 cpm (Freedson et al. 1998), which would result in median (IQR) of 31(12.3) 
min of MVPA, to 3200 cpm (Puyau et al. 2002) cut-points, which would result in 4.3 (6.0) 
min of MVPA during 1 hour of free-play.  The existence of different cut-points has been 
attributed to their being developed from studies which have used different calibration 
methods, such as treadmill and free-living protocols, different criterion measures, such as 
indirect calorimetry and direct observation, and the use of three METs as the threshold for 
MVPA in children which may be too low (Guinhouya et al. 2006).  A limitation of the 
current study is that many of the available cut-points for the RT3 are based on a threshold of 
three METs and range from 952 cpm (Vanhelst et al. 2010b), resulting in 27.5 (12.8) min of 
MVPA, to 1860 cpm (Chu et al. 2007), resulting in 16.8 (9.8) min of MVPA.  As Sun et al. 
(2008) do not provide a definitive cut-point for MVPA, but list moderate intensity activities 
and their respective cut-points, a decision was made to select two of these moderate intensity 
activities.  Other ‘moderate’ cut-points were not evaluated and further studies are therefore 
required to validate appropriate cut-points for the RT3 for pre-school children. 
 
The RT3
WR
 cut-point appeared to overestimate the number of minutes of MVPA in 
pre-school children (median (IQR): 19.3 (10.3) min) when compared against direct 
observation (median (IQR): 4.8, (6.0) min).  The RT3
LJ
, however, was more accurate 
(median (IQR): 7.1 (6.9) min).  This may simply be a reflection of the discrepancy between 
validation studies as to what activities constitute moderate intensity activity.  In the original 
CARS study by Puhl et al (1990), slow walking was categorised as a light intensity activity 
and was coded as a Level 3 activity.  In the study by Van Cauwenberghe et al. (2011), 
moderate intensity activity was classified as a CARS score of greater than 3.1.  Using this 
approach would result in classifying slow walking as moderate intensity activity and in the 
original development of CARS by Puhl et al. (1990) slow walking corresponded to an energy 
expenditure of less than three times individual children’s resting metabolic rate.  In the 
current study only those activities coded as Level 4 and greater were classified as moderate 
intensity activity, for example, fast walking.  This may partially explain why differences in 
proposed cut-point thresholds exist. 
 
The current study made use of the GT1M accelerometer, which is a more recent Actigraph 
model than the 7164 model, from which the Sirard et al. (2005) cut-points were developed 
and validated.  While some papers have found good cross-validation between this model in a 
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laboratory setting (John et al. 2010; Kozey et al. 2010b), other studies state that the GT1M 
may be underestimating levels of physical activity suggesting the application of a correction 
factor (Corder et al. 2007).  Although not presented in the results of this study, it is noted 
from post hoc analysis that the application of the + 9% correction factor recommended by 
Corder et al. (2007) to the GT1M
s
 data would result in positive bias (LOA) of 0.2 (-7 to 7.4) 
min, slightly less than the 0.8 min presented for the uncorrected GT1M
s 
data.  This could 
suggest that the correction to the GT1M output recommended by Corder et al. (2007) might 
improve the accuracy of the GT1M measurement of MVPA, at least in young children.  This 
comparability of output between different generations of Actigraph uniaxial accelerometers 
will be explored further in Chapter 7. 
 
The present study suggests that the GT1M may have good absolute validity when compared 
against the CARS criterion measure, with a small bias, indicating accuracy particularly for 
group assessments of MVPA.  However, for assessments of individual levels of MVPA, the 
current study is less supportive of absolute accuracy, given the large limits of agreement (-
7.7 to 6.3 min) between the CARS and the GT1M
s
 estimates.  The average of approximately 
6 minutes of MVPA recorded over a 1 hour of free-play session in the current study might 
seem relatively low.  However, if sustained over the whole day this would lead to 
accumulation of more than 1 hour of MVPA per day, and in fact the levels of MVPA in the 
current study are higher than those observed in most previous nursery-based studies (Reilly 
2010).  It should be noted that the usefulness of MVPA has been questioned as a concept for 
the pre-school age-group, for example, the recent UK guidance on physical activity for early 
years emphasises total volume of physical activity and does not recommend an amount of 
time to be spent in MVPA (Department of Health, Physical Activity, Health Improvement 
and Protection 2011).  
 
In conclusion, the current study suggests that there is no advantage to using triaxial 
accelerometry, at least with the RT3, over a uniaxial accelerometer, for studies of pre-school 
children, in the assessment of either relative or absolute amounts of physical activity.  The 
RT3 cut-points by Sun et al. (2008) for light jog provide a threshold for MVPA in this age 
group which has good absolute agreement for MVPA against the CARS criterion measure.  
Comparability of output from studies which have used triaxial or uniaxial accelerometers 
may be problematic due to widely different thresholds for categories of physical activity 
intensity being adopted.  The concern about which cut-point is accurate for the GT1M is the 
focus of the next chapter.  
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 : COMPARISON OF ACTIGRAPH ACCELEROMETRY CHAPTER 6
CUT-POINTS FOR PHYSICAL ACTIVITY AND SEDENTARY 
BEHAVIOUR IN PRE-SCHOOL CHILDREN: A VALIDATION STUDY 
 
6.1 INTRODUCTION 
This chapter is based on the researcher’s validation study of accelerometry thresholds, 
Hislop et al. (2012a) published in Pediatric Exercise in 2012. 
 
One of the outstanding methodological questions regarding accelerometry data processing 
and interpretation is how to transform the accelerometry count output into a biologically 
meaningful format (Cliff et al. 2009b).  One approach is to apply count thresholds, also 
referred to as cut-points, to the accelerometry count output to classify the data into the 
different intensity levels: sedentary behaviour, light, moderate and vigorous intensity 
physical activity.  This approach allows for the determination of the number of minutes spent 
at these different intensities.  There is, however, a lack of consensus over which cut-points 
should be used (Kim et al. 2012).  Numerous cut-points for Actigraph accelerometers have 
been developed for children and some for pre-school children and there are a variety of 
cut-points available.  For example, the cut-points for moderate-to-vigorous activity (MVPA) 
range from activity above 1263 cpm (Freedson et al. 1997) to activity above 3600 cpm 
(Mattocks et al. 2007).  Different cut-points for time spent in sedentary behaviour have also 
been calibrated for children and these range from ≤ 100 cpm (Evenson et al. 2008) to < 1592 
cpm (Sirard et al. 2005).  The application of different cut-points makes comparison between 
studies problematic, leading to conflicting conclusions about levels of sedentary behaviour, 
MVPA and total physical activity (TPA) and without agreement on cut-points it is difficult 
to ascertain whether children are meeting physical activity guidelines or not (Beets et al. 
2011a; Kim et al. 2012). 
 
As discussed in the introductory chapter, discrepancies in cut-points may in part be due to 
the differing criterion methods and protocols used during calibration studies, such as direct 
observation (Sirard et al. 2005) and indirect calorimetry (Pate et al. 2006), assessed while 
children have engaged in treadmill-based, or free-living activities, or both.  Many studies 
have used linear regression equations to calibrate cut-points against energy expenditure, 
which may also be problematic as output from Actigraph accelerometers at higher intensities 
has been found not to increase linearly (Brage et al. 2003).  The application of equations 
developed for adults is not appropriate for children and the use of three METs as a threshold 
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for MVPA activity in young children could result in an overestimation of time spent in 
MVPA (Guinhouya and Hubert 2008).  To further complicate matters, there is a lack of 
agreement on definitions of sedentary behaviour, LPA and MVPA in pre-school children.  
Sedentary behaviour is either defined as predominantly sitting (Pate et al. 2010), or to 
include standing and sitting activities (Martin et al. 2011), while MVPA can include slow 
walking (Pate et al. 2006).  In other studies, slow walking is defined as a light intensity 
activity (Puhl et al. 1990; Sirard et al. 2005).  Finally, some researchers argue that age-
specific cut-points are required (Sirard et al. 2005), while other researchers suggest that these 
are not needed (Evenson et al. 2008); this issue remains unresolved. 
 
A recent study has compared cut-points for youth (Trost et al. 2011) and studies by Cliff and 
Okely (2007) and Guinhouya et al. (2006) have highlighted discrepancies in quantification of 
MVPA when different cut-points are applied.  However, the crucial question of which 
cut-point is most accurate compared against an external criterion method, has yet to be 
answered for pre-school children.  Direct observation is recognised as a criterion method for 
measuring physical activity which is particularly suited to studies of young children 
(Freedson et al. 2005).  The Children’s Activity Rating Scale (CARS) is a direct observation 
scale which has been validated for use in young children (Puhl et al. 1990).  While the CARS 
method is time-consuming and resource intensive, and therefore not suitable for large 
population-based studies, it has been widely used in methodological studies of young 
children (O'Hara et al. 1989; Oliver et al. 2011; Sirard et al. 2005; Van Cauwenberghe et al. 
2011).  
 
The present study therefore aimed to determine the accuracy of measurement of time spent 
in sedentary behaviour, LPA and MVPA upon the application of cut-point thresholds 
developed specifically for pre-school children by Pate et al. (2006), Van Cauwenberghe et al. 
(2011), Sirard et al. (2005), and Reilly et al. (2003).  The cut-points used by Puyau et al. 
(2002), which are based on a calibration study of older children but which have been used in 
studies of pre-school children (Fisher et al. 2005b), were also applied.  Finally, the cut-point 
of ≤ 100 cpm developed from calibration studies which have used energy expenditure 
(1.0 - 1.5 METs) for sedentary behaviour was also examined (Pate et al. 2011; Treuth et al. 
2004a).  The sedentary cut-point of ≤ 100 cpm is frequently cited as being appropriate to 
classify sedentary behaviour (Evenson et al. 2008; Pate et al. 2011; Trost et al. 2011) and has 
been calibrated in school-aged children (5 to 9 y) by Evenson et al. (2008).  Comparison 
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with the direct observation criterion method, using the Children’s Activity Rating Scale 
(CARS) (Puhl et al. 1990), was used to determine accuracy. 
 
The aim of this study was: 
 To validate Actigraph accelerometer cut-points for estimating physical activity and 
sedentary behaviour in pre-school children during free-play. 
 
A secondary aim of this study was: 
 To compare accelerometry cut-points for sedentary behaviour, light intensity, and 
MVPA for estimates of physical activity behaviour in pre-school children during 
free-play. 
 
6.2 METHODS 
Data were collected from a convenience sample of 31 children aged 3 to 5 years recruited 
from pre-schools in Edinburgh (15 males, 16 females, mean (SD) age: 4.3 (0.8) y, height: 
104.8 (6.3) cm, weight: 17.7 (2.5) kg, BMI 16.1 (1.1) kg/m
2
).  The mean BMI z-score was 
0.20, with 90% classified as ‘healthy’ weight and 10% as overweight/obese i.e. BMI at or 
above 85
th
 centile relative to UK population reference data (Cole 2002).  Children were 
video recorded while they engaged in 1 hour of free-play during their usual outdoor 
play-time in the nursery setting.  Each child wore a GT1M accelerometer on an elasticated 
belt around their waist.  The accelerometers were set to record data in 1-s epochs. The details 
of the methods are outlined in Chapter 2. 
 
Data from the accelerometers were transferred to an Excel spreadsheet and the data from the 
1-s epochs were reintegrated into 15-s epochs to allow for comparison with the CARS data 
(Edwardson and Gorely 2010).  Using a programme developed with Visual Basic for 
Applications the data were processed within Excel using the cut-points for sedentary, LPA 
and MVPA intensity levels as defined by Puyau et al. (2002) (Sed
pu
, LPA
pu
 MVPA
pu
), Van 
Cauwenberghe et al. (2011) (Sed
va
, LPA
va
, MVPA
va
) and by Sirard et al. (2005) (Sed
s
, LPA
s
, 
MVPA
s
) (Table 6.1).  In addition, the cut-points for MVPA by Pate et al. (2006) (MVPA
pa
) 
and for sedentary behaviour by Reilly et al. (2003) (Sed
r
) were applied.  The cut-point of 
≤ 100 cpm (Sedev) for sedentary behaviour was also examined, as this cut-point is cited as 
being appropriate for sedentary behaviour (Evenson et al. 2008; Pate et al. 2011; Treuth et al. 
2004a), and has been calibrated in children (5 - 8 y) by Evenson et al. (2008). The cut-points 
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were divided to allow analysis of 15-s epochs, as undertaken in earlier studies (Nilsson et al. 
2002).  The 15-s epoch count thresholds used in this study are listed in Table 6.1. 
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Table 6.1: Summary of the published Actigraph cut-points for young children. 
CARS: Children’s Activity Rating Scale; CPAF: Children’s Physical Activity Form; LPA: light physical activity; MVPA: moderate-to-vigorous physical 
activity; NA: not available; Sed: sedentary behaviour. 
Accelerometer 
model 
Authors No. participants (n), age 
range, mean (SD) 
Criterion measure Counts/15 s 
Sed LPA MVPA 
7164 Evenson et al. (2008) 33, 
5 - 8 y 
VO2  
(portable metabolic unit) 
≤ 25 ≥ 26 to 573 ≥ 574 
7164 Pate et al. (2006) 29, 
3 - 5 y, 
4.4 (0.8) y 
VO2  
(portable metabolic unit) 
NA NA ≥ 420 
7164 Puyau et al. (2002) 26, 
6 - 16 y,  
10.7 (2.9) y 
VO2  
(whole room calorimetry) 
 < 200 ≥ 200 to < 800 ≥ 800 
7164 Reilly et al. (2003) 30, 
3 - 4 y, 
3.7 (0.5) y  
CPAF < 275 NA NA 
7164 Sirard et al. (2005) 16,  
3 - 5 y  
 
CARS 
 
3 y olds 
4 y olds 
5 y olds 
< 301 
< 363 
< 398 
≥ 302 to 614 
≥ 364 to 811 
≥ 399 to 890 
≥ 615 
≥ 812 
≥ 891 
GT1M Van Cauwenberghe et al. (2011) 18, 
4 - 6 y, 
5.8 (0.3) y 
CARS < 373 ≥ 373 to < 585 ≥ 585 
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Data were imported into SPSS (version 17) for analysis.  Normality tests were conducted 
using the Shapiro-Wilks statistic as the sample was less than 50.  All data on minutes spent 
in different intensities, except for time spent in LPA when the Van Cauwenberghe et al. 
(2011) and the Sirard et al. (2005) cut-points were applied, were found to be not normally 
distributed (Appendix VI; Table VI: a). As a result, the median and interquartile range (IQR) 
values are reported.  The median (IQR) number of minutes of sedentary behaviour, LPA and 
MVPA were calculated.  Using the Friedman’s Repeated Measures ANOVA, the difference 
between the number of minutes of sedentary behaviour, LPA and MVPA were calculated 
from each of the cut-points and the CARS at 15-s epochs.  Post hoc analysis was undertaken 
using the Wilcoxon signed rank test, the non-parametric equivalent of the paired t-test.  To 
reduce type I error, a Bonferroni correction was applied; the significance level was set at p < 
0.01. 
 
To assess the accuracy of the different accelerometry cut-points as an absolute measure of 
physical activity, comparison was made between the number of minutes of sedentary 
behaviour, LPA and MVPA as estimated by the different cut-points and then compared with 
the estimates as determined by the criterion measure of direct observation. The Bland and 
Altman approach was used to examine the relationship between the minutes estimated using 
the cut-points and the estimates using the criterion measure (Bland and Altman 1986).  
 
6.3 RESULTS 
The median (IQR) number of minutes of CARS data collected were 46 (16.0) min during the 
1 hour of direct observation.  This equates to the scoring of 5704, 15-s epoch observations 
for the 31 participants.  
 
Table 6.2 presents a summary of the physical activity levels of the sample during the period 
of direct observation while at pre-school.  Results of the Friedman’s ANOVA revealed that 
there was a significant difference in time spent in sedentary behaviour (χ2 (5) = 134.1, 
p < 0.05), LPA (χ2 (3) = 81.5, p < 0.05) and MVPA (χ2 (4) = 94.8, p < 0.00) as estimated by 
each of the different cut-points and the CARS 
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Table 6.2: Median (IQR) minutes of sedentary behaviour, light physical activity and 
MVPA for different cut-points and the CARS. 
 Time (min) 
 Sed LPA MVPA 
Puhl et al. (1990): CARS 24.0 (16.8) 17.0 (7.0) 4.8 (6.0) 
Pate et al. (2006) - - 14.3 (11.8)* 
Van Cauwenberghe et al. (2011) 30.0 (15.0)* 7.3 (3.5)* 8.8(9.3)* 
Sirard et al. (2005) 29.8 (14.5)* 12.5 (7.3)* 5.5 (6.0) 
Puyau et al. (2002) 21.3 (10.0) 19.8 (9.0) 4.3 (6.0) 
Reilly et al. (2003) 25.0 (11.3) - - 
Evenson et al. (2008) 7.8 (5.8)* - - 
CARS: Children’s Activity Rating Scale (criterion measure); LPA: light physical 
activity; MVPA: moderate-to-vigorous physical activity; Sed: Sedentary behaviour.  
*indicates those values which are significantly different from the CARS p < 0.01 with 
Bonferroni correction. 
 
Post-hoc analysis using the Wilcoxon test revealed that there was no significant difference 
for estimates of time spent in Sed
pu
 (Mdn = 21.3) and the CARS (Mdn = 24.0), z = -0.42, 
p = 0.7, r = 0.05 , and for the Sed
r
 (Mdn = 25.0) and the CARS (Mdn = 24.0, z = -2.5, 
p = 0.01, r = -0.3).  No significant difference was found for estimates of time spent in LPA
pu
 
(Mdn = 19.3) and the CARS (Mdn = 17.0, z = 2.3, p = 0.02, r = -0.3).  For MVPA there was 
no significant difference between the MVPA
pu
 (Mdn = 4.3) estimate and the CARS 
(Mdn = 4.8, z = -1.9, p = 0.05, r = 0.2) and the MVPA
s
 (Mdn = 5.5) estimate and the CARS 
(Mdn = 4.8, z = -1.3, p = 0.2, r = -0.2).  As the p values for the Sed
r
, and LPA
pu
 estimates are 
close to the predetermined level of significance, (e.g. p < 0.01 and p < 0.02 respectively), 
these results could suggest a trend in the data, despite their not being significantly different 
from the CARS.  In addition, there is a medium effect size r = - 0.3 for these variables.  
There was a significant difference between the CARS and the estimations made by the 
remaining cut-points, and the levels of significance with the effect sizes are provided in 
Appendix VI (Appendix Table VI.i). 
 
Bland and Altman plots were undertaken to examine the estimated number of minutes of 
sedentary behaviour, LPA and MVPA produced by the different cut-points and the CARS 
criterion measure.  A summary of the Bland and Altman output is presented in Table 6.3. 
Plots presented are for the Sirard et al. (2005), Puyau et al. (2002), Van Cauwenberghe et al. 
(2011), and Reilly et al. (2003) cut-points for sedentary behaviour and for the Sirard et al. 
 128 
 
(2005), Puyau et al. (2002) and Van Cauwenberghe et al. (2011) cut-points for LPA and 
MVPA (Figure 6.2 and Figure 6.3). 
 
The results suggested a negative bias when the Sed
s
, Sed
va
 and Sed
r
 cut-points were 
compared with the CARS, with the cut-points resulting in a greater estimation of time spent 
in sedentary behaviour than the CARS.  While the Sed
ev
 cut-points suggested a large positive 
bias in relation to the CARS, this cut-point resulted in an underestimation of time spent in 
sedentary behaviour in relation to the CARS.  Application of the Puyau et al. (2002) 
cut-points for sedentary behaviour resulted in a mean difference with the CARS that was 
close to zero minutes (mean difference (LOA): 0.4 (-13.3 to 14.0) min), however there were 
wide limits of agreement.  For LPA, the LPA
va
 and LPA
s 
cut-points had a lower estimation of 
time spent in LPA compared to the CARS.  Finally, there was a positive bias, with an 
underestimation in MVPA, between the MVPA
s
 and the MVPA
pu
 cut-points and the CARS, 
and a negative bias, with an overestimation in MVPA time, for the MVPA
va
 and the MVPA
pa
 
cut-points and the CARS. 
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Table 6.3: Bland and Altman output for the mean difference (LOA) between cut-point 
estimates and the CARS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 LOA: limits of agreement; dm: mean difference; CARS: Children’s Activity Rating Scale; 
ev: Evenson et al. (2008) cut-points; MVPA: moderate-to-vigorous activity; pa: Pate et al. 
(2006) cut-points; pu: Puyau et al. (2002) cut-points; r: Reilly et al. (2003) cut-points; s: 
Sirard et al.(2005) cut-points; va: van Cauwenberghe et al. (2011) cut-points. 
 Time (min) 
 dm LOA 
Sed
ev
 versus CARS 13.2 -2.2 to 28.6 
Sed
pu
 versus CARS 0.4 -13.3 to 14.0 
Sed
r
 versus CARS -3.6 -17.6 to 10.4 
Sed
s
 versus CARS -7.2 -20.2 to 5.7 
Sed
va
 versus CARS -8.2 -22.7 to 6.2 
LPA
pu
 versus CARS -2.2 -15.0 to 10.5 
LPA
s
 versus CARS 6.3 -6.0 to 18.6 
LPA
va
 versus CARS 11.4 -1.4 to 24.2 
MVPA
s
 versus CARS 0.8 -6.2 to 7.8 
MVPA
pa
 versus CARS -8.7 -19.9 to 2.5 
MVPA
pu
 versus CARS 1.7 -8.0 to 11.5 
MVPA
va
 versus CARS -3.3 -11.8 to 5.3 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(i) (ii) 
(iii) (iv) 
Figure 6.1: Bland and Altman plots assessing agreement between CARS and minutes of sedentary time (Sed) estimated with cut-points 
for: (i) Sirard et al (2005), (ii) Reilly et al (2003), (iii) Van Cauwenberghe et al (2011), (iv) Puyau et al (2002). 
 
  
Figure 6.2: Bland and Altman plots assessing agreement between CARS and estimates of 
minutes of LPA with cut-points for: (i) Sirard et al (2005), (ii) Reilly et al (2003),                                       
(iii) Van Cauwenberghe et al (2011), (iv) Puyau et al (2002). 
 
CARS: Children’s Activity Rating Scale; LPA: light physical activity. 
(i) 
(ii) 
(iii) 
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Figure 6.3: Bland and Altman plots assessing agreement between CARS and estimates of 
minutes of MVPA with cut-points for: (i) Sirard et al (2005), (ii) Reilly et al (2003),                
(iii) Van Cauwenberghe et al (2011), (iv) Puyau et al (2002). 
(i) 
(iii) 
(ii) 
CARS: Children’s Activity Rating Scale; MVPA: moderate-to-vigorous physical activity. 
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6.4 DISCUSSION 
The results of the current study indicate relatively large errors at the individual level (wide 
limits of agreement) when accelerometry output was compared with the CARS.  On a group 
level, MVPA
pu
 and MVPA
s
 provided estimates which did not differ significantly compared 
with the criterion direct observation method.  There was a mean difference of 0.8 min for the 
Sirard et al. (2005) cut-points and 1.7 min for the Puyau et al. (2002) cut-points, with a bias 
suggesting an overestimation of time spent in MVPA in comparison to the CARS criterion 
measure.  Only the Sed
r
, Sed
pu
 and LPA
pu
 cut-points provided accurate estimates of 
sedentary behaviour and LPA (mean difference of -3.6, 0.4 and -2.2 min respectively).  
However, with the p = 0.02 for LPA
pu
 and p = 0.01 for Sed
r
 being close to the predetermined 
level of significance (p < 0.01), this could indicate a trend for a difference between the 
CARS and the estimated time in sedentary behaviour with the Sirard et al. (2005) cut-points 
and for LPA using the Puyau et al. (2002) cut-points.  In addition, there was a medium effect 
size for both these estimates  (r = -0.3).  To interpret the meaning of these findings, the 95% 
confidence interval (CI) of the effect sizes (ES) were calculated using Equation 6.1. 
 
Equation 6.1: Calculation of confidence intervals (CI) 
 
              
(Nakagawa and Cuthill 2007) 
 
The se, which is the asymptomatic standard error of the effect size (Ivarsson et al. 2013) can 
be calculated using Equation 6.2. 
 
Equation 6.2: Calculation of standard error of the effect size 
  ( )  
 
√   
 
(Ivarsson et al. 2013) 
 
The results suggest that the 95% confidence interval for LPA
pu
 was from -0.04 to -0.6. and 
for Sirard
s
 this was -0.06 to -0.6.  Confidence intervals are used to describe where most (in 
this case 95%) of the sample are located (Thompson 2002).  As the confidence intervals for 
the effect sizes do not include zero, it is likely that some effect has taken place (Ivarsson et 
al. 2013).  In contrast, MVPA
pu
, with the effect size 0.2 and 95% confidence interval of -0.05 
to 0.01, does include zero, which could indicate that there is indeed no difference between 
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the CARS and the MVPA
pu
 estimate, despite p = 0.05 being close to the predetermined level 
of significance set at p < 0.01.  However these results should be viewed cautiously as 
confidence intervals are sensitive to violations of normality (Thompson 2002), which could 
lead to inaccuracies in results (Ivarsson et al. 2013).  
 
Although not presented in the results it is interesting to note that combining the LPA
pu
 and 
the MVPA
pu
 resulted in a median (IQR) of 24.5 (12.0) min of TPA, which was not 
significantly different (z = -0.5, p = 0.7, r = -0.06) from the CARS estimate for TPA 
(median (IQR) 23.0 (13.5) min).  The median (IQR) min of TPA using the Sirard et al. 
(2005) cut-points was 16.8 (10.8) min and for the Van Cauwenberghe et al. (2011) cut-points 
this was 16.0 (11.8) min.  Both estimates of minutes of TPA from the application of the 
Sirard et al. (2005) and Van Cauwenberghe et al. (2011) cut-points were significantly 
different from the CARS criterion measure (z = -4.4, p = 0.00, r = -0.6; z = -4.5 and p = 0.00, 
r = -0.6 respectively).  The agreement with the estimated minutes of TPA with 
Puyau et al. (2002) cut-points and the criterion measure is important given the recent 
changes in recommendations for pre-school children which have been expressed in terms of 
‘total’ physical activity (combining LPA and MVPA) (Australian Government, Department 
of Health and Ageing 2009; Canadian Society of Exercise Physiology 2012; Department of 
Health, Physical Activity, Health Improvement and Protection 2011). 
 
Use of the MVPA
pa
 cut-point produced a statistically significant difference and large biases 
relative to direct observation, with overestimation of time spent in MVPA.  Application of 
the MVPA
pu
, MVPA
pa
, MVPA
va
 and MVPA
s
 cut-point to the different age groups in the 
sample (3 year olds (n= 10), 4 year olds (n = 13), and 5 year olds (n = 8)) revealed that the 
Sirard et al. (2005) age-specific cut-points for the 3 year olds in this study were the most 
accurate (0.7 min difference from the criterion) and the Puyau et al. (2002) cut-points were 
the most accurate for the 5 year olds (0.9 min difference from the criterion).  One of the 
outliers in the MVPA
pu
 Bland and Altman plot (Figure 6.3) is a 3-year-old child for whom 
the higher Puyau et al. (2002) cut-points for MVPA resulted in a greater mean difference, i.e. 
an underestimation of time spent in MVPA in relation to the CARS, while the Sirard et al. 
(2005) cut-points lead to a more accurate categorisation of intensity level for this child.  It is, 
however, recognised that these subsamples are small and these results should be interpreted 
with caution. 
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Sirard et al. (2005), Pate et al. (2006) and Van Cauwenberghe et al. (2011) have identified 
cut-point thresholds for Actigraph accelerometers specific to the pre-school population.  One 
explanation for the differences between estimates of physical activity derived from these 
cut-points and the CARS measure in the current study may be due to the differing calibration 
methods used in studies to develop cut-points. Pate et al. (2006) used indirect calorimetry to 
calibrate their accelerometry cut-points, which is a criterion measure of energy expenditure. 
In contrast, Sirard et al. (2005) and Van Cauwenberghe et al. (2011) used the CARS direct 
observation scale, which is a behavioural criterion measure.  Freedson et al. (2005) has 
suggested that behavioural approaches to calibration are particularly useful in studies of 
young children, where measurement and interpretation of energy expenditure can be 
difficult. Behavioural methods also avoid errors associated with extrapolation from treadmill 
activity to free-living behaviours.  There are, however, also limitations with direct 
observation methods, such as risk of reactivity from participants and problems with the 
accuracy of activity classification, as the rating of intensity by an observer is subjective 
(Westerterp 2009). 
 
The current study may also be limited as it relied on the CARS direct observation scale as 
the criterion measure, where ideally this could have been combined with either VO2 or 
energy expenditure to gain a more comprehensive view of physical activity.  Interestingly, 
however, Puyau et al. (2004) also used calorimetry to calibrate their accelerometry cut-points 
and the findings of the current study suggest that no significant bias exists between the 
number of minutes of MVPA with the Puyau et al. (2002) cut-points and the CARS.  
 
It is important to note that with the exception of the Van Cauwenberghe et al. (2011), all the 
other cut-points were calibrated for the earlier generation of Actigraph, the 7164 model, 
which has a different internal technology to the GT1M (John and Freedson 2012).  This has 
implications for the validity of the 7164 cut-points for the GT1M and their suitability for 
processing the GT1M accelerometry data is unclear.  Comparability between the different 
generations of Actigraph has not been formally established in the pre-school population.  
The next chapter focuses on comparison between the different generations of Actigraph. 
 
In conclusion, marked differences between cut-points and the impact that these differences 
have on apparent levels of MVPA and time spent in sedentary behaviour have been 
highlighted in a number of earlier studies (Guinhouya et al. 2006; Mota et al. 2007; Pate et 
al. 2011; Reilly et al. 2008).  However, while these studies have described the differences in 
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outcome with different cut-points, in contrast to the current study, they have not addressed 
the issue of accuracy of various cut-points.   
 
The present study indicates that the Pate et al. (2006) cut-point and the Van Cauwenberghe 
et al. (2011) cut-point significantly overestimated minutes of MVPA in pre-school children 
compared to direct observation. Use of the Puyau et al. (2002) and Sirard et al. (2005) cut-
points produced estimates of MVPA which were not significantly different from the criterion 
measure at a group level.  Importantly, the application of the Puyau et al. (2002) thresholds 
for sedentary, LPA and for TPA, provided the only estimates that were not significantly 
different from the criterion method providing  agreement at a group level.  However, even 
with the ‘best’ cut-points, there were large errors as revealed by the Bland and Altman plots 
which limit the use of cut-points to accurately measure physical activity intensity and 
sedentary behaviour at an individual level.  
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 : COMPARISON BETWEEN DIFFERENT GENERATIONS OF CHAPTER 7
ACTIGRAPH ACCELEROMETER DURING MECHANICAL 
CALIBRATION AND DURING FREE-PLAY WITH PRE-SCHOOL 
CHILDREN 
 
7.1 INTRODUCTION 
The Actigraph accelerometer is one of the most widely utilised motion sensors in children’s 
physical activity research (Trost et al. 2011), and the uniaxial Actigraph accelerometers have 
been validated for use with pre-school children (Pate et al. 2006).  The Actigraph 7164 has 
been used in the majority of calibration studies with pre-school children to establish 
cut-point thresholds, which are used to convert the raw accelerometry count output per epoch 
into time spent at different intensities (Pate et al. 2006; Reilly et al. 2003; Sirard et al. 2005).  
However, the 7164 has been discontinued and was in 2005 replaced by the uniaxial GT1M 
and subsequently by the triaxial GT3X and the GT3X+ models.  The GT1M and the GT3X+ 
have a different internal technology from the 7164 accelerometer.  These newer models use a 
Micro-Electro-Mechanical System (MEMS) solid state accelerometer instead of the 
piezoelectric cantilevered beam accelerometer used in the 7164 model (John et al. 2010).  In 
addition, while both accelerometers capture time-varying acceleration in the range of 0.05 to 
2 G, there are differences in the filtering and sampling frequencies between models.  As a 
result, the same acceleration could result in different count output (Chen et al. 2012) and the 
two types of accelerometer cannot necessarily be used interchangeably. 
 
To date, comparison studies of the GT1M and 7164 models have focused on adolescent and 
adult populations, or have made use of a mechanical set-up to compare accelerometry output.  
Results from these comparison studies have either reported no significant difference between 
each model’s activity counts during treadmill running and walking with adults (John et al. 
2010) or significant differences using a mechanical set up (Kozey et al. 2010b; Rothney et al. 
2008).  One study found the GT1M counts to be on average 9% lower than those derived 
from the 7164 model in adolescents, recommending the application of a correction factor to 
the GT1M data (7164=GT1M/0.91) (Corder et al. 2007).  While recent research suggests 
good agreement between the GT1M and GT3X models (Kaminsky and Ozemek 2012; 
Robusto and Trost 2012; Vanhelst et al. 2012), comparability of these models with the older 
7164 model has not been established in child populations or examined with children under 
free-living conditions.  This is important, as it is unclear whether the cut-points calibrated for 
the 7164 are valid for the GT1M and GT3X Actigraph models.  Despite this, the cut-points 
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are used between the models interchangeably.  Given that several large longitudinal studies 
are reporting on the tracking of physical activity in children (Kristensen et al. 2008; Kwon 
and Janz 2012; Metcalf et al. 2011; Mitchell et al. 2012), it is important to ensure that 
systematic errors have not taken place as a consequence of researchers using different 
generations of accelerometers, or applying cut-points developed for the 7164 model to the 
later Actigraph models.  Recent research has identified the need for more studies comparing 
different generations of accelerometers under free-living conditions on different populations 
(Ried-Larsen et al. 2012).  The current study therefore aimed to compare the GT1M and the 
7164 Actigraph models in pre-school children under free-living conditions. 
 
In summary, while a small number of studies have compared Actigraph models, there is a 
lack of consensus as to whether there are differences in output between the 7164 and the 
GT1M and GT3X models.  It is also unclear whether the application of a correction factor to 
the GT1M output is necessary to make it comparable to the output from the older 7164 
model (upon which many accelerometry thresholds are based).  Importantly, whether any 
differences in raw counts between models will impact on time spent at different intensities of 
physical activity for pre-school children has not been investigated.  Finally, given the recent 
evidence-based recommendations to encourage children to increase their total daily physical 
activity to 180-minutes per day (Australian Government, Department of Health and Ageing 
2009; Canadian Society of Exercise Physiology 2012; Department of Health, Physical 
Activity, Health Improvement and Protection 2011), it would also be important to establish 
comparability in terms of time spent in TPA, to allow cross-comparison between studies. 
 
The current study proposed to bring new information on whether there will be any 
meaningful differences between time spent in sedentary behaviour, LPA, MVPA and in TPA 
between Actigraph models. 
 
The aims of this study were:  
 To compare different generations of Actigraph accelerometer during mechanical 
calibration (study 1: In vitro comparison). 
 To compare different generations of Actigraph accelerometer in pre-school children 
during 1 hour of free-play (study 2: In vivo comparison). 
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7.2 METHODS 
7.2.1 Study 1: In vitro comparison between 7164 and GT1M model using mechanical 
calibration 
A mechanical calibration set up, based on a model by Brage et al. (2003), was developed and 
consisted of three wheels connected by a horizontally placed linkage with a radius setting of 
25 mm.  Six accelerometers could be positioned along their χ axis on the set-up. Rotation of 
the wheels caused the accelerometers to move through sinusoidal acceleration in two axes 
(anteroposterior and mediolateral axes).  The accelerometers were set to collect data in 1-s 
epochs.  To test for intra-instrument agreement six accelerometers of each model were tested 
three times at different frequencies of rotation: 1 Hz, 2 Hz and 3 Hz.  To calculate the 
average acceleration ( ) produced by the mechanical set up at each frequency the equation 
by Brage et al. (2003) (Equation 7.1), where acceleration is a function of radius (r) and 
frequency (f) of oscillation was used. 
 
Equation 7.1: Calculation of average acceleration 
           
(Brage et al. 2003) 
 
The accelerometers were therefore subjected to average accelerations of 0.63, 2.51 and 
5.65 m∙s-2 respectively.  Each test lasted 5 minutes.  To test for inter-instrument agreement 
between the GT1M and the 7164, two accelerometers of each model were tested by 
simultaneously subjecting them to 15 accelerations between 0.5 to 3.3 Hz in average 
increments of 0.2 Hz.  This corresponds to average accelerations ranging from 0.16 to 6.84 
m∙s-2.  Each test lasted five minutes, at each of the accelerations. 
 
Data from the mechanical calibration process were imported to SPSS (version 17.0) for 
analysis.  The first and last minutes of acceleration data were excluded so that the middle 3 
minutes of data were used.  To determine the intra-unit variability, the standard error of 
measurement (SEM) and coefficient of variation (CV) were calculated.  To determine 
inter-model variability an interclass correlation coefficient (ICC) was calculated.  The mean 
count per minute (cpm) output for accelerometers of each model was plotted to view how 
they responded during the 15 different accelerations. 
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7.2.2 Study 2: In vivo comparison between the 7164 and GT1M model during free-play 
Twenty-three healthy children were recruited from two pre-schools in Edinburgh Scotland 
(10 boys, 13 girls, mean (SD) age: 4.3 (0.8) y, height: 106.2 (6.2) cm, weight: 18.3 (2.5) kg, 
BMI 16.2 (1.1) kg/m
2
).  The mean BMI z-score was 0.20, with 87% classified as ‘healthy 
weight’ and 13% classified as overweight or obese i.e. BMI at or above the 85th centile 
relative to the UK reference data (Cole 2002)).  Children were video-recorded while they 
engaged in 1 hour of unstructured free-play in the pre-school setting during the children’s 
usual timetabled outdoor playtime.  The GT1M and 7164 were placed adjacent to each other, 
on an elasticised belt around the child’s waist, with one monitor posterior to the other, with a 
gap of 3 cm.  The order of monitor placement was alternated between subjects. The 
accelerometers were synchronised for data collection with the laptop PC, which was also 
synchronised with the video-recording equipment; both accelerometers were set to collect 
data in 1-s epochs.  Details of the procedures are outlined in the general methods chapter 
(Chapter 2). 
 
As this was a paired study design to enable comparison between models, it was expected to 
have a high power.  At initial analysis with a sample of 23 subjects, significant differences 
between models were observed and therefore it was felt to be sufficiently powered at this 
point and no further recruitment was undertaken to increase the sample size.   
 
Video data were coded using the CARS direct observation scale (Puhl et al. 1990); the 
details of the process for coding are outlined in the general methods chapter (Chapter 2).  
Following data collection, data from the CARS and the accelerometers were transferred to 
Excel and imported to SPSS (version 17).  Data from the accelerometers were reintegrated 
from 1-s epochs into 15-s epochs to allow comparison with the CARS data, which had been 
coded in 15-s time periods. 
 
The mean cpm was calculated for each participant for the GT1M and the 7164 monitors.  
The cpm for each accelerometer model was tested for normality across the sample using the 
Shapiro-Wilks test and the data were found to be not normally distributed (Appendix VII, 
Appendix Table VII.i).  The median and interquartile ranges (IQR) were reported and 
agreement between monitors was assessed using Spearman’s correlation.  Inter-monitor 
agreement for cpm and limits of agreement (LOA) were evaluated using a Bland and Altman 
plot (Bland and Altman 1986).  This analysis was repeated following the application of a 
correction factor of 0.91 to the GT1M data.  This correction factor has been recommended 
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by Corder et al. (2007) who, in a study of free-living activity of 30 Indian adolescents (mean 
(SD) age: 15.8 (0.6) y) over a seven day period, reported that the output from the GT1M was 
on average 9% lower than the 7164.  The 1-s epoch data from the accelerometers were 
converted to 15-s epochs, as undertaken in earlier studies (Nilsson et al. 2002), and two sets 
of cut-points developed for the 7164 were applied: the age specific cut-points by 
Sirard et al. (2005) (Table 7.1) and those developed for slightly older children by 
Puyau et al. (2002).  Earlier studies in this thesis suggested that the Puyau et al. (2002) 
cut-points were accurate at a group level against a criterion measure for estimates of 
sedentary, LPA and TPA with the GT1M accelerometer.  Application of the cut-points 
allowed for calculation of the number of minutes spent in sedentary behaviour, LPA and 
MVPA for each model of accelerometer.  
 
Table 7.1: Cut-point thresholds. 
LPA: light physical activity; MVPA: moderate-to-vigorous physical activity; Sed: sedentary 
behaviour. 
 
The time spent in TPA was also calculated using the threshold for LPA as the lower 
cut-point threshold e.g. all activity ≥ 200 counts/15 s for the Puyau et al. (2002) cut-points.  
The time spent in each intensity period was also calculated once the correction factor of 0.91 
had been applied to the GT1M data (GT1M
corr 
= GT1M/0.91).  In addition, Corder et al. 
(2007) also suggested that the GT1M cut-points should be 10% lower, and therefore in this 
study the 7164 cut-points were reduced by 10% and applied to the GT1M data.  The data 
were tested for normality using the Shapiro-Wilks test and the results are presented in 
Appendix VII (Appendix Table VII.i). 
 
Paired t-tests were used to compare differences between percentage time spent at each 
intensity level between models, and between time spent in TPA and for the corrected GT1M 
data.  To determine the agreement between the accelerometry output against the CARS, the 
mean differences with limits of agreement (LOA) were calculated (Bland and Altman 1986). 
 
 
Authors 
 
Age 
Counts/15 s 
Sed  LPA MVPA  
Sirard et al. (2005) 3 y olds 
4 y olds 
5 y olds 
< 301 
< 363 
< 398 
≥ 302 to ≤ 614 
≥ 364 to ≤ 811 
≥ 399 to ≤ 890 
≥ 615 
≥ 812 
≥ 891 
Puyau et al. (2002)  < 200 ≥ 200 to < 800 ≥ 800 
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7.3 RESULTS 
7.3.1 Study 1: In vitro comparison between 7164 and GT1M model using mechanical 
calibration 
The mechanical calibration revealed that the mean intra-instrument CV for the GT1M was 
0.66% and for the 7164 this was 8.28%.  The mean SEM for the GT1M was 0.62 and for the 
7164 the SEM was 2.42.  The ICC for the GT1M was 0.91 while the 7164 was 0.98. 
Pearson’s correlation coefficient between models was r = 0.95, p < 0.01 and the mean 
difference (LOA) were 3.19 (0.16 to 6.22) counts/s.  The results of the cps output at different 
accelerations are plotted in Figure 7.1. 
Figure 7.1: Mean counts per second (cps) comparing GT1M and 7164 accelerometers 
during mechanical calibration at increasing accelerations. 
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7.3.2 Study 2: In vivo comparison between the 7164 and GT1M model during free-play 
During free-play, the median (IQR) cpm for the 7164 was 1599 (962) cpm and for the GT1M 
this was 1350 (579) cpm.  A scatter plot of the mean cpm for each child is presented in 
Appendix VII (Appendix Figure VII.i). 
 
There was a positive correlation between the cpm for the 7164 and the GT1M 
accelerometers r = 0.70, p < 0.01.  The mean difference (LOA) between accelerometer 
models was 632 (-981.7 to 2245.7) cpm.  Applying the correction factor of 0.91 to the 
GT1M data resulted in a mean difference of 495 (-1103.7 to 2092.7) cpm.  Figure 7.2 
presents the Bland and Altman plot of the mean difference and LOA for the cpm between the 
7164 and the GT1M accelerometry data and between the 7164 and the corrected GT1M 
accelerometry data (GT1M
corr
). 
 
Figure 7.3 presents the median cpm for each participant.  It is noticeable  that for all 
participants the median cpm recorded by the 7164 accelerometer was higher than that 
recorded by the GT1M. 
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Figure 7.2: Bland and Altman plot of counts per minute (i) between the GT1M and the 7164 (ii) between the GT1M data corrected and 7164 
accelerometer. 
cpm: counts per minute; GT1M
corr
: GT1M corrected data (GT1M
corr
=GT1M/0.91).(i) Mean difference (LOA): 632;( -981.7 to 2245.7) cpm between 
7164 and the GT1M. (ii) Mean difference (LOA): 495; (-1103.7 to 2092.7) cpm.  
(i) 
(ii) 
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Figure 7.3: Comparison of the median counts per minute between participants (n=23). 
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The following section will present the results for the time spent in sedentary behaviour and 
time spent in different intensities, comparing the estimates from the GT1M with those from 
the 7164 accelerometer.  As the data for time spent in sedentary behaviour were normally 
distributed (Appendix VII; Appendix Table VII: a), the median and SD are reported.  Table 
7.2 presents the mean (SD) of time spent in sedentary activity using the Sirard et al. (2005) 
and the Puyau et al. (2002) cut-points.  Corrected GT1M data are also presented as 
GT1M
corr10%
 where the cut-points have been reduced by 10% and applied to the GT1M data, 
and the GT1M
corr
 where the GT1M data are altered using the formula 
GT1M
corr
 = GT1M/0.91, as recommended by Corder et al. (2007). 
 
Table 7.2: Mean (SD) minutes spent in sedentary behaviour comparing 7164 against 
the GT1M with two sets of cut-points. 
GT1M
corr10% 
: cut-points reduced by 10%; GT1M
corr
: GT1M/0.9; pu: Puyau et al. (2002) 
cut-points; Sed: sedentary behaviour; s: Sirard et al. (2005) cut-points.  Values shown in 
bold not significantly different from 7164; * values significantly different from 7164 
estimate.  
 
The results of paired t-tests revealed there was a significant difference between the GT1M 
(M = 29.0, SE = 2.5) estimate and the 7164 estimate (M = 27.1, SE = 2.41, t(22), p < 0.02, 
r = 0.5) of time spent in sedentary behaviour when the Sirard et al. (2005) cut-points were 
applied to the data.  Reducing the Sirard et al. (2005) cut-points by 10% for the GT1M data 
resulted in a non-significant difference (M = 27.6, SE = 2.49, t(22), p = 0.50, r = 0.14).  
However, application of a correction factor to the GT1M resulted in a significant difference 
from the 7164 estimate (M = 31.9, SE = 2.8, t(22), p < 0.00, r = 0.75).  There is a different 
pattern when the Puyau et al. (2002) cut-points are applied to the GT1M and the 7164 data.  
This suggests that there was no significant difference between the 7164 estimate (M = 20.4, 
SE = 2.0) and the GT1M estimate (M = 21.6, SE = 2.2, p = 1.2).  Reducing the 
Puyau et al. (2002) cut-points resulted in a significant difference between the GT1M 
estimate and the 7164 estimate (M = 10.0, SE = 1.69, t(22), p < 0.00, r = 0.84), as did 
applying the correction factor to the GT1M data (M = 23.7, SE = 2.5, p = 0.001, r = 0.57).  
 
The data for time spent in LPA were not normally distributed, therefore the median (IQR) 
values are reported in Table 7.3. 
 Mean min (SD) 
Intensity 7164 GT1M GT1M
corr10%
 GT1M
corr
 
Sed
s
 27.1 (11.6) 29.0 (12.0)* 27.6 (11.9) 31.9 (13.2)* 
Sed
pu
 20.4 (9.5) 21.6 (10.8) 10.0 (8.1)* 23.7 (11.8)* 
 147 
 
 
Table 7.3: Median (IQR) minutes spent in LPA comparing 7164 against the GT1M 
with two sets of cut-points. 
GT1M
cor10%
: cut-points reduced by 10%; GT1M
corr
: GT1M/0.91; LPA: light physical activity; 
pu: Puyau et al. (2002) cut-points; s: Sirard et al. (2005) cut-points.  Values shown in bold 
not significantly different from 7164; * values significantly different from 7164 estimate.  
 
There was a non-significant difference (p > 0.01) for the Sirard et al. (2005) cut-points 
between the GT1M (Mdn = 10.8) and 7164 estimates (Mdn = 9.0, z = -1.7, p = 0.08, 
r = -0.25) and for the cut-points reduced by 10% (Mdn = 10.0, z = -1.75, p = 0.08, r = -0.26).  
There was a significant difference between the 7164 (Mdn = 15.3) and the GT1M estimates 
(Mdn = 18.5, z = -2.39, p = 0.02, r = -0.35) when the Puyau et al. (2002) cut-points were 
applied.  
 
The data for MVPA were not normally distributed and therefore the median (IQR) values are 
reported and presented in Table 7.4. 
 
Table 7.4: Median (IQR) minutes spent in MVPA comparing 7164 against the GT1M 
with two sets of cut-points. 
GT1M
corr
 
10%
: cut-points reduced by 10%. GT1M
corr
: GT1M/0.91; MVPA: moderate-to-
vigorous intensity activity; pu: Puyau et al. (2002) cut-points; s: Sirard et al. (2005) cut-
points. * Values significantly different from 7164 estimate.  
 
All the values for GT1M were significantly different from the 7164, with both sets of 
cut-points (p < 0.01), and application of the correction factor or reducing the cut-points by 
10% failed to resolve the difference between the estimates of MVPA.  
 
The data for TPA were normally distributed (Appendix VII, Appendix Table VII.i) and the 
mean values (SD) are presented in Table 7.5. 
 Median min (IQR) 
Intensity 7164 GT1M GT1M
corr10%
 GT1M
corr
 
LPA
s
 9.0 (7.3) 10.8 (8.3) 10.0 (6.3) 11.8 (9.1) 
LPA
pu
 15.3 (10.8) 18.5 (13.5)* 29.3 (15.5)* 20.3 (14.8)* 
 Median min (IQR) 
Intensity 7164 GT1M GT1M
corr10%
 GT1M
corr
 
MVPA
s
 6.5 (6.5) 4.3 (6.5)* 5.3 (8.5)* 4.7 (7.1)* 
MVPA
pu
 6.0 (8.5) 3.5 (6.0)* 5.0 (7.0)* 3.8 (6.6)* 
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Table 7.5: Mean (SD) minutes spent in TPA comparing 7164 against the GT1M with 
two sets of cut-points. 
GT1M
corr
 
10%
: cut-points reduced by 10%; GT1M
corr
:  GT1M/0.91; pu: Puyau et al. (2002) 
cut-points; s: Sirard et al. (2005) cut-point; TPA: total physical activity.  Values in bold not 
significantly different from 7164; * values significantly different from 7164 estimate.  
 
There were significant differences between the TPA
s
 7164 estimates (M = 18.4, SE = 1.9) 
and the TPA
s 
GT1M estimates (M = 16.4, SE = 1.8, t(22), p < 0.01, r = 0.5).  Application of a 
correction factor to the TPA
s
 GT1M data meant that there was a non-significant difference 
between estimates from the TPA
s
 7164 data (M = 18.4, SE = 1.9) and the TPA
s
 GT1M
corr 
data (M = 18.0, SE = 1.8, t(22), p = 0.68, r = 0.08).  There was a non-significant difference 
between the TPA
pu
 7164 estimate (M = 25.0, SE = 2.3) and the TPA
pu
 GT1M estimate 
(M = 23.9, SE = 2.3, t(22), p = 0.12, r = 0.3) and between the TPA
pu
 GT1M estimate and the 
TPA
pu
 GT1M
corr
 (M = 26.2, SE = 2.5, t(22), p = 0.13, r = 0.3). 
 
The estimates from the 7164 and the GT1M were then compared with the CARS as the 
criterion method.  Table 7.6 presents the mean difference and LOA (when applying the 
Sirard et al. (2005) cut-points) between the estimates, comparing the 7164 accelerometer and 
the GT1M accelerometer against the CARS criterion method. 
  
 Mean min (SD) 
Intensity 7164 GT1M GT1M
corr10%
 GT1M
corr
 
TPA
s
 18.4 (9.0) 16.4 (8.5)* 17.8 (9.6) 18.0 (9.3) 
TPA
pu
 25.0 (11.0) 23.9 (11.1) 35.4 (14.1)* 26.2 (12.2) 
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Table 7.6: Mean difference (LOA) of minutes in sedentary behaviour and physical 
activity with the Sirard et al. (2005) cut-points. 
CARS: children’s Activity Rating Scale; dm: mean difference; LOA: limits of agreement; 
LPA: light physical activity; MVPA: moderate-to-vigorous physical activity; 
s: Sirard et al (2005) cut-point; Sed: sedentary behaviour; TPA: total physical activity. 
 
Wilcoxon tests were carried out with the level of significance set at p < 0.01 following the 
Bonferroni correction.  Using the Sirard et al. (2005) cut-points the estimate from the GT1M 
accelerometer was significantly different from the CARS (p <0.001) except for the MVPA
s
 
estimate (Mdn = 4.3) which was not significantly different from the CARS (Mdn = 3.5, 
z = -0.56, p = 0.58, r = -0.08).  For the 7164 monitor there was a non-significant difference 
between the estimate of sedentary behaviour (Sed
s
) (Mdn = 27.0) and the CARS (Mdn = 
24.0, z = -2.05, p = 0.04, r = -0.30) and between the TPA
s
 estimate (Mdn = 16.3) and the 
CARS (Mdn = 20.0, z = -2.01, p = 0.04, r = 0.30).  There were significant differences 
between the LPA
s 
estimate (Mdn = 9.0) and the CARS (Mdn = 15.8, z = -4.02, p = 0.00, r = -
0.59) and MVPA
s
 estimate (Mdn = 6.5) and the CARS (Mdn= 3.5, z = -3.45, p = 0.001, r = -
0.51). 
 
The mean difference and LOA between the 7164, GT1M and the CARS with the Puyau et al. 
(2002) cut-points are presented in Table 7.7. 
 
  
  
Intensity 7164 
dm (LOA) 
GT1M 
dm (LOA) 
Sed
s
 versus CARS -4.0 (-20.3 to 12.4) -5.9 (-20.1 to 8.3) 
LPA
s
 versus CARS 7.5 (-5.3 to 20.3) 6.4 (-7.1 to 19.8) 
MVPA
s
 versus CARS -3.6 (-12.6 to 5.5) -0.5 (-5.5 to 4.5) 
TPA
s 
versus CARS 3.9 (-12.1 to 20.1) 5.9 (-8.3 to 20.1) 
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Table 7.7: Mean difference (LOA) minutes in sedentary behaviour and physical activity 
with the Puyau et al. (2002) cut-points. 
CARS: Children’s Activity Rating Scale; dm: mean difference; LOA: limits of agreement; 
LPA: light physical activity; MVPA: moderate-to-vigorous physical activity; pu: Puyau et 
al. (2002) cut-points applied; Sed: sedentary behaviour; TPA: total physical activity. 
 
The results suggest that the smallest mean differences between estimates of time spent at 
different intensities of physical activity and the CARS and between estimates of time spent 
in sedentary behaviour and the CARS, were for the GT1M using the Puyau et al. (2002) 
cut-points.  The results revealed that there were no significant differences between the 
GT1M estimates of minutes in physical activity and sedentary behaviour (Sed
pu
, LPA
pu
, 
MVPA
pu
, TPA
pu
) and the CARS (p > 0.001), with small effect sizes demonstrated (r = -0.007 
to -0.19).  There was a non-significant difference for the 7164 estimates for sedentary 
behaviour (Sed
pu
) (Mdn = 19.5, z = -1.67, p = 0.09, r = 0.25) and for TPA
pu
 (Mdn = 23.5, z = 
-2.21, p = 0.03, r = 0.30) against the CARS (Mdn = 24.0 and 20.0 min, for time spent in 
sedentary behaviour and TPA respectively).  The small and non-significant overall mean 
differences between the CARS estimates and the Puyau et al. (2002) estimates, could 
suggests that group level estimates of physical activity and sedentary behaviour may be 
sufficiently accurate.  However, there were large limits of agreement for all the estimates 
made.  This has important implications, as it suggests a limitation of the cut-points to 
accurately measure physical activity and sedentary behaviour at an individual level. 
 
In summary, there was strong correlation between the monitors during mechanical 
calibration and both accelerometers displayed a similar pattern of counts when subjected to 
increasing accelerations.  However, there were wide limits of agreement and a positive bias, 
with the mean difference not being close to zero.  During free-play the cpm for the GT1M 
were significantly lower than for the 7164 accelerometer, with wide limits of agreement and 
a positive bias, for example the average cpm for the 7164 model were higher than the GT1M 
accelerometers.  The time spent at different intensities was not comparable between the 
  
Intensity 7164 
dm (LOA) 
GT1M 
dm (LOA) 
Sed
pu
 versus CARS 2.7 (-12.9 to 18.3) 1.5 (-14.3 to 17.4) 
LPA
pu 
versus CARS 0.7 (-10.7 to 12.1) -1.5 (-15.1 to 12.1) 
MVPA
pu
 versus CARS -3.4 (-13.4 to 6.6) -0.1 (-6.6 to 6.4) 
TPA
pu 
versus CARS -2.7 (-18.3 to 12.9) -1.6 (-17.4 to 14.2) 
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accelerometer models and this did not change for sedentary behaviour, LPA, or MVPA when 
a correction factor was applied to the GT1M data, or when the GT1M thresholds were 
reduced by 10%.  Application of a correction factor to the GT1M data did however make the 
output for TPA comparable between the 7164 and the GT1M accelerometers. 
 
Comparison of the estimates against the criterion measure supports the finding in an earlier 
chapter of this thesis that the Puyau et al. (2002) cut-points for the GT1M are most accurate 
at a group level when compared against the CARS criterion method.  
 
7.4 DISCUSSION 
The results suggest that both models had high intra-unit reliability, with an ICC value of 
> 0.8 (Matthews 2005).  The CV and the SEM of the 7164 were larger than the GT1M, 
suggesting it had lower intra-instrument reliability, which is similar to the findings of earlier 
mechanical calibration studies (Rothney et al. 2008).  While there was a significant 
correlation between models, there was a mean difference of 3.2 counts/s.  This could result 
in a difference of 191 cpm which may not be biologically meaningful when considering cut-
points for MVPA, such as ≥ 2296 cpm (Evenson et al. 2008), one of the thresholds 
recommended for use in children and adolescents (Trost et al. 2011).  
 
The results of this study also suggest that there was a positive correlation between the cpm 
from the GT1M and the 7164 accelerometer during free-play.  However, the bias of 632 cpm 
for the uncorrected GT1M data and 495 cpm for the corrected GT1M data were not close to 
zero and there were large limits of agreement.  The scatter plot of the data revealed that the 
data for the GT1M were consistently lower than 7164 accelerometry data.  It was also 
apparent from the Bland and Altman plot that the mean differences were accentuated at 
higher output (e.g. at higher intensity of physical activity).  This possibly suggests that at 
higher intensities of physical activity the differences between the output of the different 
accelerometry models is accentuated.  
 
The bar chart of the median cpm for each child illustrates the problem in comparing the 
output of the two generations of monitors as there were consistently higher median cpm for 
all children with the 7164 accelerometers.  For two participants there was a difference of 
> 2500 cpm between the median values for the 7164 and GT1M accelerometers (participant 
5 and 17).  This highlights the concern regarding the comparability of different generations 
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of accelerometers and raises questions regarding the ability to compare the findings of 
studies which have used different generations of Actigraph accelerometers. 
 
In examining the time spent at different intensities, the GT1M recorded significantly less 
time in MVPA than the 7164 accelerometer.  Applying a correction factor or reducing the 
threshold by 10% for the GT1M accelerometer did not change the difference for MVPA 
activity.  This would result in a 52% difference in time spent in MVPA between the GT1M 
and the 7164 when the Puyau et al. (2002) cut-points are applied and would be of concern if 
this pattern continued over a 10 - 12 hour day of activity.  As this study was limited to 1 hour 
of time-tabled unstructured free-play, where children could run and play, it might not 
necessarily reflect ‘typical’ activity over a day for a pre-school child.  It was not possible in 
this study to determine whether these differences would continue over an extended period of 
data collection. 
 
The comparability between models for estimates of time spent in sedentary behaviour and 
LPA depended on which cut-points were applied.  There was a significant difference in the 
time spent in sedentary behaviour between the GT1M estimate and the Sirard et al. (2005) 
cut-points, with the GT1M recording significantly more time in sedentary behaviour. 
However, there was a non-significant difference for time when the Puyau et al. (2002) 
cut-points were applied.  The lower threshold for the Puyau et al. (2002) cut-points (< 200 
counts/15 s) for sedentary behaviour could result in less time being classified as sedentary 
for the GT1M and reducing the Sirard et al. (2005) cut-point by 10% may explain why this 
difference then became non-significant. 
 
Using the Sirard et al. (2005) cut-points there was a non significant difference for estimates 
of TPA with the GT1M once the correction factor had been applied. Prior to application of 
the correction factor the GT1M was underestimating total physical activity in comparison 
with the 7164. 
 
In the previous chapter, the difference in estimates of time spent in different intensities was 
shown to vary depending on which cut-point is applied.  To investigate whether the 
application of a correction factor would be of value to allow cross-comparison between 
accelerometry models for TPA, the only other available cut-point was investigated, which 
allows calculation of total physical activity and which has been developed for young 
children, by Van Cauwenberghe et al. (2011).  While other cut-points have been validated 
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for pre-school children, they only provide thresholds for MVPA (Jimmy et al. 2012; Pate et 
al. 2006), and therefore it is not possible to estimate TPA.  The results are presented in Table 
7.8. 
 
Table 7.8: Estimate of time spent in total physical activity using the Van Cauwenberghe 
et al. (2011) cut-points. 
  Time min (SD) 
 7164 GT1M GT1M
corr
 
Van Cauwenberghe et al. (2011) 17.8 (9.2)* 15.7 (8.3) 17.2 (9.1)  
Values in bold not significantly different from 7164; * values significantly different from 
7164 estimate. 
 
This suggests that the application of a correction factor to the GT1M data may improve 
comparability between the output from the 7164 accelerometer and the GT1M accelerometer 
for TPA in pre-school children. 
 
In conclusion, this study supports the findings of the previous study in this thesis (Chapter 6) 
that the Puyau et al. (2002) cut-points for the GT1M data have the ‘best’ agreement with the 
CARS criterion measure.  However, if researchers are interested in the convergent validity of 
the GT1M with the 7164 accelerometer, applying a correction factor to the GT1M data (7164 
= GT1M/0.91) may be appropriate for estimates of total physical activity.  The correction 
factor may partially resolve the issue of the output from the GT1M having lower cpm than 
the 7164 model, which may result in more time being classified as ‘sedentary’ and less time 
in LPA, MVPA or TPA.  However, as this study was limited to data collected from 23 
participants over 1 hour of direct observation, further investigation is warranted.  In 
particular, it would be important to examine whether the correction factor improves 
convergent validity, for free-living physical activity data collected from a larger population 
over an extended period of time. 
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 : AN INVESTIGATION INTO THE MINIMUM WEAR TIME CHAPTER 8
TO RELIABLY ESTIMATE HABITUAL PHYSICAL ACTIVITY IN 
PRE-SCHOOL CHILDREN  
 
8.1 INTRODUCTION 
Despite accelerometry being used extensively as an objective means of measuring physical 
activity in young children (Pate et al. 2010) there are several outstanding questions on 
approaches to reduce accelerometry data, whereby accelerometry output is transformed into 
a meaningful format (Cliff et al. 2009b).  As part of the data reduction process, researchers 
have to make a number of methodological decisions for which there are different approaches 
and recommendations and this complicates the process (Oliver et al. 2012).  Currently there 
are inconsistencies between studies in the methods they adopt for data reduction and data 
processing, for example, how missing data are handled, and whether this data are imputed, or 
not, varies between studies.  Similar to the problems already discussed with the application 
of different cut-points, there is a need for standardisation in the data reduction processes 
between studies to allow for meaningful interpretation and synthesis of the findings of 
different studies (Mâsse et al. 2005).  
 
8.1.1 Valid day and hours 
Two of the key decisions in data reduction are to determine how many hours of data 
constitute a ‘valid’ day and how many days will provide a reliable estimate of habitual 
physical activity and time spent in sedentary behaviour (Ojiambo et al. 2011).  This has an 
impact on whether to subsequently exclude participant data with insufficient days or hours of 
data.  In excluding incomplete participant data, there is a risk of potential inaccuracies, 
which can result from differences between days that are excluded and days kept in the 
analysis.  Therefore, the decision whether to exclude incomplete participant data or include 
data for part of a day can produce biased estimates of physical activity and result in different 
conclusions being reached (Alhassan et al. 2008). 
 
To date, there is limited evidence of the number of days and hours within days required to 
provide a reliable estimate of physical activity in the pre-school population (Hinkley et al. 
2012b).  There have been two studies with pre-school children which have explored how 
many days and hours of data were necessary to provide a reliable estimate of habitual 
physical activity.  Penpraze et al. (2006) conducted reliability analysis on 7 days of 
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accelerometry data collected from 76 pre-school children (mean (SD) age: 5.6 (0.4) y).  The 
authors argued that while 10 hours a day over 7 days maximised the reliability of estimates 
of total physical activity (r = 0.80), 3 days of data had sufficient reliability (r ≥ 0.60).  They 
also suggested that the increase in reliability coefficients between 3- and 10-hours of data 
collection were small (r ~ = 0.02), when 1 to 7 days of monitoring were used.  In a more 
recent study by Hinkley et al. (2012b), reliability analysis was conducted on data collected 
from 1004 pre-school children (aged 3 to 5 years), over an 8-day period.  The authors 
concluded that the number of days of data required to achieve a desired Intraclass 
Correlation Coefficient (ICC) estimate of 0.7, increases as the number of hours of data per 
day decreases.  For example, in their study, 10 hours of data per day required 2.8 days of 
data collection, while collection of 7 hours of data per day meant that 3.4 days were required 
to achieve the same ICC estimate. 
 
Hinkley et al. (2012b) caution that when making decisions on the number of hours or days of 
data used there needs to be a trade off between using stringent inclusion criteria for 
accelerometry data and ensuring an adequate sample size.  For example, increasing the 
desired ICC value would require an increase in the number of days and hours of data 
collection to achieve the target.  As a consequence fewer participants will have ‘complete’ 
data resulting in their exclusion from analysis and thus reducing the overall study sample 
size. 
 
The commonly adopted approach to determine how many hours constitute a valid day and 
how many days reflect an individual’s usual or ‘habitual’ physical activity, is to first 
ascertain the intra-individual variability of activity between days (Baranowski and de Moor 
2000).  ICC calculations can be used to estimate the consistency of activity across days 
(Baranowski and de Moor 2000).  If an individual replicates the same activity pattern every 
day then 1 day of data would be sufficient.  However, as variability increases across days 
then an increasing number of days are necessary to reflect habitual activity.  Similarly, the 
number of hours to reflect a ‘typical’ day also contributes to the variability in data between 
days.  
 
One important consideration in determining habitual activity is whether the inclusion of a 
weekend day increases variability, as a result of the activity patterns being different to 
weekdays.  This consideration impacts on whether it is necessary only to include participant 
data that includes a weekend day, or conversely exclude participant data that does not 
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include a weekend day.  Both the studies by Hinkley et al. (2012b) and Penpraze et al. 
(2006) investigated the implications of including a weekend day in data analysis.  Penpraze 
et al. (2006) reported significant differences in the mean cpm between weekdays and 
weekend days.  However, the inclusion of a weekend day had minimal impact on the 
reliability of the data and the authors suggest that, in their sample, the inclusion of a 
weekend day in analysis is not necessary.  In contrast, Hinkley et al. (2012b) also reported 
that total physical activity differed significantly between weekdays and weekend days.  The 
authors recommend that future studies ensure both weekend and weekdays are included to 
accurately represent pre-school children’s physical activity across an entire week.  
 
8.1.2 Non-wear time 
In addition to identifying the number of days and hours of data required, data reduction also 
requires decisions to be made on how periods during the day are identified when the 
accelerometer is not worn (non-wear time) and how these missing data are then accounted 
for in the analysis.  Over several days of data collection, missing data may be due to the 
removal of accelerometers e.g. during water-related activities, for nap-times or for 
non-compliance with protocols for wearing the accelerometer.  Accelerometers are usually 
worn during waking hours and when removed they will record a zero count over an epoch.  
Extended periods of consecutive zeros in habitual physical activity data may be flagged up 
as behaviourally unlikely and attributed to the accelerometer being removed.  However, it is 
argued that sedentary behaviour such as sitting may also record zero counts (Evenson and 
Terry Jr 2009) and without subjective information it is not possible to determine whether the 
accelerometer was removed or not.  While some researchers recommend participants keep a 
log when an accelerometer is removed (Esliger et al. 2005; Trost et al. 2005), this introduces 
an element of self-report which can be problematic particularly in research with young 
children (Sallis and Saelens 2000).  Asking participants to document details of wear time 
also adds an additional participant burden which may hinder compliance within a study 
(Evenson and Terry Jr 2009).  
 
An alternative to keeping a log is to deduce non-wear time from scanning the accelerometry 
data to identify extended periods of consecutive zeros.  Several studies have considered the 
issue of non-wear time in adult populations (Choi et al. 2011; Evenson and Terry Jr 2009; 
Winkler et al. 2009) and have identified thresholds, described as a number of minutes of 
consecutive zero counts in the accelerometry data, in order to identify periods of non-wear 
time.  Currently, the recommended criteria for non-wear time in adult populations is a 
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threshold between 60 - 90 minutes with the inclusion of up to 2 minutes of non zero counts 
either side (Oliver et al. 2012).  The two minutes is to allow for any momentary accidental 
movement of accelerometers once removed which may interrupt a period of consecutive 
zeros but which would not constitute true wear time.  Studies have gone on to apply different 
thresholds as a means of detecting non-wear time and this has led to the exclusion of 10 
minutes of consecutive zeros (Eiberg et al. 2005; Hinkley et al. 2012b; Mattocks et al. 2008), 
20 minutes of consecutive zeros (Alhassan et al. 2008; Esliger et al. 2005; Ojiambo et al. 
2011; Treuth et al. 2004a), 60 minutes of zeros (Matthews et al. 2008) and up to 180 minutes 
of consecutive zeros (van Coevering et al. 2005) in different studies with children and 
adolescents.  
 
Although the accuracy of different thresholds for identifying episodes of non-wear time has 
been explored in adult populations against criterion methods (King et al. 2008; Oliver et al. 
2012), there are currently only two studies with school-aged children (Alhassan et al. 2008; 
Esliger et al. 2005) which have investigated appropriate thresholds of non-wear time.  
Esliger et al. (2005) reported on data from a sample of 115 children (8 to 13 y) in which they 
explored the length of longest time period of motionless data (periods of consecutive zeros).  
The authors found that 90% of the periods of motionless data were less than 10 minutes and 
76% of the participants had longer periods.  The mean (95% CI) of the longest periods of 
consecutive zeros was 17.5 (1.5) min.  Alhassan et al. (2008) also suggest from results of 
pilot data that a 20 minute period of consecutive zeros was the maximum number of minutes 
of zeros associated with inactivity.  A limitation with both studies is that neither study has 
validated the proposed thresholds against a criterion method and there are no methodological 
details of the pilot study undertaken by Alhassan et al. (2008).  Nevertheless, Esliger et al. 
(2005) and Alhassan et al. (2008) both support the use of a threshold of ≥ 20 minutes of 
consecutive zeros to identify periods of non-wear time in children.  The authors suggest that 
any longer periods of consecutive zeros would be behaviourally improbable, as it is unlikely 
to reflect sedentary activity but rather suggest that the accelerometer had been removed. 
 
Once non-wear time has been identified there are different approaches to handling the data: 
one is to ignore the missing data and to keep this in the analysis (Esliger et al. 2005), a 
second approach is to exclude the data from the final analysis, and a final option is to impute 
the missing data (Cliff et al. 2009b).  One of the implications of ignoring non-wear time and 
including extended periods of zero counts in the analysis is that it could dilute the average 
cpm over the data collection period (Esliger et al. 2005).  This may result in an 
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underestimation of true levels of physical activity as a consequence.  In contrast, excluding 
periods of non-wear time can mean that participants potentially have incomplete days of 
data.  This could impact on whether a participant has sufficient days or hours of data to be 
included in the analysis.  As a consequence, sample size could be affected and this could 
increase the risk of sampling-bias having an impact on the results (Mâsse et al. 2005). 
 
Several approaches have been proposed to impute missing data, where observed data values 
are used to assist in prediction of missing values (Catellier et al. 2005; Esliger et al. 2005; 
Mâsse et al. 2005).  However, it is argued that many of these approaches are not feasible for 
research teams to use on accelerometry data or require further empirical studies to determine 
their credibility (Cliff et al. 2009b).  One approach by Catellier et al. (2005) is to define a 
‘standard day’, where there are non-missing counts over at least 80% of a ‘standard 
measurement day’.  A ‘standard measurement day’ is defined as the length of time when at 
least 70% of the sample of participants are wearing their monitor (Catellier et al. 2005).  The 
value of this approach has not been explored with pre-school children; in addition, the 
implication of applying different thresholds of non-wear time has not been explored with this 
population. 
 
8.1.3 Summary 
In summary, determining the number of hours and days of data to reliably reflect habitual 
physical activity needs further investigation in the pre-school population.  This may be 
sample-specific and therefore each study needs to determine what is appropriate for its own 
unique sample.  Whether having criteria for the inclusion of a weekend day in the analysis 
needs further examination as there are conflicting opinions on this.  Finally, despite the 
different approaches to dealing with non-wear time, no consistent or standardised approach 
has been adopted across studies.  The implications of applying different criteria for non-wear 
time has not been explored with pre-school children.  It is important to determine whether 
the application of different non-wear time criteria influences estimates of physical activity or 
sedentary behaviour and to investigate how these factors will impact on sample sizes. 
 
The aims of this study were: 
 To determine the recommended wear time required to provide reliable estimates of 
habitual physical activity and sedentary behaviour of pre-school children.  
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 To investigate whether the inclusion of a weekend day is necessary for reliable 
estimates of habitual physical activity and sedentary behaviour of pre-school 
children.  
 To examine the influence of applying non-wear time criteria to estimates of physical 
activity and sedentary behaviour of pre-school children with 7 days of free-living 
accelerometry data.  
 
8.2 METHOD 
8.2.1 Data collection 
This study involved a secondary data analysis of 121 accelerometry data files collected from 
children aged 42 - 48 months.  The analysis is based on baseline accelerometry data 
collected at the start of a longitudinal intervention study with pre-school children.  The 
baseline data were collected between November 2009 and July 2010.  Recruitment was 
undertaken from two demographically similar geographical areas within Scotland.  One area 
was used for recruitment of an intervention group and the other for recruitment of a control 
group.  To determine sample size at the outset it was estimated that 110 participants in total 
(55 per group) were necessary to detect changes of 100 cpm per day powered at 80%.  
Children were recruited from nurseries in the two geographical areas.  To ensure recruitment 
of participants from a range of socioeconomic backgrounds, postcodes for the Nurseries 
were used to allocate a Scottish Index of Deprivation (SIMD) quintile (with 1 being most 
deprived and 5 least deprived quintile (Scottish Government 2010)).  In addition, children 
were selected that had postcodes which matched closely with the nursery to try to ensure 
there was sampling across the quintiles. 
 
Data in this analysis had been collected using the GT1M accelerometers and the GT3X 
accelerometers set to uniaxial mode, which were distributed to parents of pre-school children 
attending nurseries in the identified areas.  Parents were asked to attach the accelerometers, 
which were on an elasticated belt, around their children’s waists during waking hours for 7 
consecutive days.  The accelerometers were set to collect data in 15-s epochs.  Parents were 
asked to remove the accelerometers for any water based activities (bathing, swimming).  
Data were transferred to Excel and processed using the MAHUffe software (MRC 
epidemiology unit 2013). 
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8.2.2 Data cleaning 
The initial step in data reduction was to clean the 121 accelerometry data files.  Each file 
represented a participant’s accelerometry data collected over 7 days.  The first consideration 
was to identify spurious data (data with very high data counts).  Minute-by-minute visual 
inspection of accelerometry data output files was undertaken and spurious data were 
considered to be when the cpm was > 20,000 for a 1-minute epoch.  The MAHUffe 
programme presents an individual’s accelerometry data in a graph as well as allowing for 
minute-by-minute inspection of the data.  APPENDIX VIII: present examples of where the 
cpm data were < 20,000 cpm (Appendix Figure VIII.i) and > 20,000 cpm (Appendix Figure 
VIII.ii).  It can be seen that in Appendix Figure VIII.ii that the cpm were consistently > 
20,000 cpm (reaching as high as 200,000 cpm) which possibly suggests an error with the 
monitor (see paragraph below) and this participant’s data was excluded. 
 
The upper limits of biological plausibility for accelerometry data have been suggested as 
when cpm are ≥ 15,000 (based on unpublished observation data of 94 youth 8 to 13 y) 
(Esliger et al. 2005).  Using a linear regression relationship between treadmill speed and 
Actical accelerometry counts Colley et al. (2010) extrapolated data to identify a threshold of 
> 20,000 cpm as being spurious data, which would not be biologically plausible.  In the 
current study visual inspection of the days with > 20,000 cpm revealed a particular error 
pattern with data presenting with mean daily cpm of >50,000 cpm.  It is possible that this 
may relate to an error code indicating monitor malfunction which has been reported in earlier 
studies (Alhassan et al. 2008).  Alhassan et al. (2008) reported an error code of 32,767 to 
represent voltage signal saturation with the 7164 Actigraph monitor.  In the current study the 
error pattern of mean daily cpm being > 50,000 cpm was apparent in data collected from six 
participants, and the data from these participants were excluded from the analysis. 
 
Visual inspection also revealed two participants who had no accelerometry data and one 
participant who had worn the accelerometer for > 18 hour/day.  This participant’s data was 
excluded as it did not correspond to logical sleep/wake time (Alhassan et al. 2008).  This left 
a total of 112 participants. Figure 8.1 presents the stages of data cleaning. 
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8.2.3 Data analysis 
1) Calculation of a ‘standard day’ 
To allow comparison of weekdays with weekend days, the days of the week were identified 
and separated for analysis.  The start and finish times for each participant (n = 112) were 
identified and frequency plots for all participants was undertaken.  Table 8.1 presents the 
characteristics of the sample, with 78% classified as ‘healthy’ weight and 22% classified 
overweight or obese i.e. BMI at or above 85% centile relative to the UK population reference 
data (Cole 2002)).  Data with ≥ 20 minutes of consecutive zeros were identified as non-wear 
time and excluded from analysis as recommended by Esliger et al. (2005).  A ‘standard 
measurement day’ was identified as the length of time when at least 70% of the sample wore 
the accelerometer for 80% of the time (Catellier et al. 2005).  
  
 
Figure 8.1: Stages of data cleaning. 
Visual inspection of minute-
by-minute accelerometer data 
(n=121) 
Identification of spurious 
data (n=119) 
Exclusion of data with  20,000 
cpm (n= 6 ) 
Logical sleep wake times 
identified (n=113) 
Exclusion of participants with 
>18 hours of data per day 
(n=1) 
No accelerometry data 
recorded (n=2) 
Sample included in analysis 
(n=112) 
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Table 8.1: Characteristics of sample (Chapter 8).  
 
2) Comparison of weekend and weekdays 
Data from all 112 participants (60 males, 52 females, mean (SD) age: 3.7 (0.2) y) were 
included in the analysis of weekend and weekdays.  Data with ≥ 20 minutes of consecutive 
zeros were identified as non-wear time and excluded from analysis (Esliger et al. 2005).  
 
Using all participant data the mean cpm for participant’s weekdays of data and the mean cpm 
for their weekend days were extracted to allow comparison between weekend and weekdays. 
Data were evaluated for normality using the Kolmogorov-Smirnov as the sample size was 
more than 50.  Results of the normality tests are provided in Appendix VIII (Appendix Table 
VIII.i).  As the data were not normally distributed, descriptive statistics of the medians and 
inter-quartile ranges (IQR) were calculated.  Box plots giving the median and IQR were used 
to present the data graphically.  The Wilcoxon signed rank test, the non-parametric 
equivalent of the paired t-test was used to compare differences between cpm for weekend 
and weekdays.  In addition, a comparison was made between the cpm for males and female 
at weekend and weekdays using an Mann-Whitney U test, the non-parametric equivalent of 
the independent t-test.  The level of significance was set at p < 0.05.  Effect sizes were 
calculated to provide an objective measure of the importance of an effect using the Pearson’s 
correlation coefficient r (Field 2012). The effect size was calculated from z-scores using 
Equation 8.1.  
 
Equation 8.1: Calculation of effect size 
       
√                     
 
(Field 2012) 
 Mean (SD) 
 All  Male Females 
No. participants 112 60 52 
Age (years) 3.7 (0.7) 3.7 (0.7) 3.7 (0.7) 
Height (cm) 101.3 (3.9) 101.6 (3.7) 101.0 (4.1) 
Body weight (kg) 17.0 (2.3) 17.5 (2.3) 16.5 (2.1) 
Body mass index (kg/m
2
) 16.6 (1.6) 17.0 (1.7) 16.2 (1.3) 
 163 
 
The r effect sizes range from 0, suggesting no effect to 1 suggesting a perfect effect. Table 
8.2 presents the effect size criteria proposed by Cohen (1988; 1992) for small and large 
effect sizes which are widely accepted (Field 2012). 
 
Table 8.2: Interpretation of effect sizes. 
r Categorisation of effect Explanation of effect  
r = 0.10 Small effect explains 1 % of the variance 
r = 0.30 Medium effect explains 9 % of the variance 
r = 0.50 Large effect explains 25 % of the variance 
 (Adapted from Field 2012) 
 
Using the MAHUffe programme (MRC epidemiology unit 2013) the data were processed by 
applying cut-points for sedentary (< 200 counts/15 s) and TPA (using the threshold of ≥ 200 
counts/15 s) as defined by Puyau et al. (2002).  These cut-points have been validated during 
free-play of pre-school children against direct observation (Hislop et al. 2012a).  A 
comparison was made between the percentage time spent in TPA between weekdays and 
weekend days.  The mean percentage of time spent in TPA was calculated for participants 
with 4 or more weekdays and for those with 1 or more weekend days.  The criteria of 4 days 
was selected as this is frequently used in studies of pre-school children (Alhassan et al. 2008; 
Cardon and Bourdeaudhuij 2008; Penpraze et al. 2006).  The estimates of mean TPA was 
calculated for each hourly increment from 3 hour/day to 10 hour/day.  The percentage of 
time spent in TPA was determined for each day of data by dividing the number of minutes 
spent in TPA by the total wear time for that day and multiplying by 100 (Hinkley et al. 
2012b).  This approach takes into consideration any possible differences in wear time within 
and between participants (Hinkley et al. 2012b).  The Kolmogorov-Smirnov statistic was 
used to assess the normality of the data as the sample size n > 50.  The results of the 
normality test suggested that not all data were normally distributed (Appendix VIII, 
Appendix Table VIII.i).  The non-parametric test, Friedman’s ANOVA was therefore used to 
assess the difference between weekend and weekday total physical activity. 
 
3) Reliability analysis 
Data from all 112 participants (60 males, 52 females, mean (SD) age: 3.7 (0.2) y) were also 
included in the reliability analysis and ≥ 20 minutes of consecutive zeros was identified as 
non-wear time and excluded from analysis (Esliger et al. 2005).  
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Participants who had at least 4 days of data, described as being ‘any’ 4 days of data (which 
could include a weekend day) were identified for the reliability analysis.  In addition, 
participants with 4 days which included at least 1 weekend day were also identified.  Days 
with data ranging from 3 or more hours per day of data to 10 or more hours of data per day 
were entered into the analysis.  
 
A repeated measures ANOVA was conducted to investigate any sources of systematic bias 
between days of data collected, including weekend days, and to detect any non random 
change between days within the data.  This test is useful in detecting large systematic bias 
relative to the random error (Atkinson and Nevill 1998).  
 
The dependent variable was the time spent in TPA and the independent variable was the day 
of testing.  The F value represents the ratio of the systematic variance to the unsystematic 
variance (Field 2012).  
 
To calculate the consistency of activity across days an ICC was calculated.  An ICC (2,1) 
was selected where days was identified as the random effect, as the aim was to generalise the 
results from random days in the analysis to the other days within the sample population 
(Batterham and George 2000).  
 
An ICC (2,1) was calculated using Equation 8.2 for each of the hours, where   
  is the 
‘between participant’ variance and   
  is the ‘within participant’ variance. 
 
Equation 8.2: Calculation of ICCs: 
  
   
 ⁄    
  
(Trost et al. 2005) 
 
Hopkins et al. (2000) states that at least 50 participants performing three or more trials 
provides adequate precision in estimating typical error. 
 
The Spearman-Brown prophecy formula (S-B prophecy formula) was used (Stanley and 
Angoff 1971) to estimate the number of hours and days of data to achieve an acceptable 
level of reliability.  Baranowski and de Moor (2000) argue that an ICC of ~>0.8 is an 
acceptable level of reliability.  ICC single day measures were calculated for participants with 
any 4 days of data and repeated for participants with 4 days including 1 weekend day.  ICC 
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values were calculated for 3 or more hours, up to 10 hours per day of data and with 1 or 
more and up to 7 days of data.  For each participant 4 days of data were then randomly 
selected for analysis of ‘any’ days.  This was repeated with 4 days of randomly selected days 
which included at least 1 weekend day.  
 
Using these values the S-B prophecy formula was used to estimate the hours and days 
required to achieve the target ICC values of 0.7, 0.8 and 0.9 using Equation 8.3. 
 
Equation 8.3: Spearman-Brown prophecy formula 
 
N=[ICCtarget  (1-ICCtarget)] [(1-ICCs)  ICCs] 
(Stanley and Angoff 1971) 
 
Where, N is the number of days and ICCtarget is the ICC value desired, and ICCs is the single 
day measure of reliability.  Once the number of days was calculated the number of children 
achieving the criteria was calculated.  The number of days required was rounded up when a 
decimal value of number of days was calculated such that 3.2 and 3.7 days would both be 
rounded up to 4 days, to ensure the minimum reliability criteria were met.  
 
To compare the effect of a weekend day on reliability, reliability coefficients and 95% 
confidence intervals were also calculated (Equation 8.4) similar to the study by Penpraze et 
al. (2006) for 4 days of data for weekdays only and for 4 days including 1 weekend day: 
 
Equation 8.4: Calculation of reliability coefficient  
  
 
 
 
[ 
 
 
 (
 
 
 
 )]     
 
(Adapted from Penpraze et al. 2006) 
 
  
  is the between participant variance and   
  is the within participant variance and n equals 
the number of days.  
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4) Comparison of different criteria for non-wear time 
Using all data from the total sample (n = 112), the influence of different threshold criteria of 
10, 20 and 60 minutes of non-wear time on participant involvement for 6, 8 and 10 hours of 
data collection was calculated.  
 
The data concerning mean minutes of total physical activity and sedentary time for 
participants with at least 4 days of data were also analysed using the different criteria of 10, 
20 and 60 minutes of non-wear time at the thresholds of 6, 8 and 10 hours of data collection.  
The results of the normality tests are presented in Appendix VIII (Appendix Table VIII.i).  
The data concerning mean of TPA data were normally distributed (p > 0.05) and therefore 
the mean and SD were presented graphically using bar charts with error bars to indicate one 
SD.  The data concerning sedentary time were not normally distributed (p < 0.05) and were 
therefore presented as box plots indicating the median and IQR. 
 
As the same participant data was re-processed using different non-wear time criteria, this 
meant that the data were not truly independent of each other e.g. the data were ‘nested’ 
within each other.  This means that the data violated the assumptions necessary for 
undertaking inferential analysis and therefore it was not statistically sound to test for 
differences between the outcomes of the data sets.  As a result descriptive statistics on the 
impact of non-wear time are presented.  This still allowed for clear comparison of the impact 
that different non-wear criteria would have on estimates of time spent in TPA and sedentary 
behaviour.  
 
 Figure 8.2 and Figure 8.3 present flow charts of the stages of analysis undertaken.
  
Sample included in analysis 
(n=112) 
NWT 4 days @10 h 
TPA & SED (min) 
10 (n=62) 
 
20 (n=72) 
 
60 (n=81) 
 
Weekend day 
cpm (n=103) 
Females cpm 
(n=52) 
1) Calculation of a 
‘standard day’ 
(n=112) 
Weekday 
Start & 
finish times 
(n=112) 
Weekend 
Start & finish 
times 
(n=103) 
4) Application of non-
wear time (NWT) 
thresholds (min) (n=112) 
Exclusion of ≥ 20 min 
non-wear time 
(n=112) 
2) Comparison 
weekend & weekday 
cpm & % TPA (n=112) 
Females cpm 
(n=48) 
 
Males cpm 
(n=55) 
 
Males cpm  
(n=60) 
 
Weekday days 
cpm (n=112) 
 
NWT 4 days @ 6 h 
TPA & SED (min) 
NWT 4 days @ 8 h 
TPA & SED (min) 
3) Reliability analysis 
(n=112) (see Fig. 8.3) 
Weekday days 
% TA (n=112) 
 
Weekend day 
% TA (n=103) 
3 h %TPA 
(n=105) 
 
6 h  %TPA 
(n=81) etc. to 
10 h 
 
5 h %TPA 
(n=81) 
 
4 h %TPA 
(n=81) 
 
3 h %TPA 
(n=81) 
 
6 h %TPA 
(n=103) etc. 
to 10h 
 
4h %TPA 
(n=105) 
 
5 h %TPA 
(n=104) 
 
10 (n=98) 
 
20 (n=98) 
 
60 (n=100) 
10 (n=95) 
 
20 (n=96) 
 
60 (n=97) 
 
Figure 8.2: Overview of data analysis. 
cpm: counts per minute; TPA: total physical 
activity; NWT: non-wear time 
  
3) Reliability 
analysis (n=112) 
Weekday days % total 
wear time (n=112) 
Weekend days % total 
wear time (n=103) 
ICC 4 d with 6 
h (n=97) 
ICC 4 d  with 
3 h including  
wkend day 
(n=86) 
ICC 4 d with 7 h 
including wkend 
(n=76)etc. up to 10 h 
ICC 4 weekdays 
only 7 h (n= 80) 
ICC 4 d including 1 
weekend d 7 h 
(n=76) 
Sample included in 
analysis (n=112) 
Exclusion of ≥ 20 min 
non-wear time (n=112) 
Days identified for 
analysis (n=103) 
ICC 4 d with 8 
h (n=96) 
ICC 4 d with 
10 h (n=72) 
ICC 4 d with 7 
h (n=97) 
ICC 4 d with 9 
h (n=89) 
ICC 4 d with 4 
h (n=101) 
ICC 4 d with 5 
h (n=101) 
ICC 4 d with 3 
h (n=102) 
ICC 4 d with 4 
h including 
wkend day 
(n=80) 
ICC 4 d with 5 
h including 
wkend day 
(n=80) 
ICC 4 d with 6 
h including 
wkend day 
(n=77) 
Figure 8.3: Overview of reliability analysis. 
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8.3 RESULTS 
8.3.1 Standard measurement day 
The results of the Kolmogorov-Smirnov statistic revealed that the data for registered wear 
time was not normally distributed (Appendix VIII, Appendix Table VIII.i) and therefore the 
median (IQR) were reported.  The median (IQR) number of days of data collection was 7 (1) 
days with median (IQR) of 583.2 (85.1) minutes or 9.7 (1.4) hours of registered time.  The 
median (IQR) hours of data collection for weekdays was 10.4 (1.5) hours and for weekend 
days this was 9.8 (2.2) hours. 
 
Figure 8.4 presents a frequency plot of the start and finish times of all participants (n = 112), 
and shows the cumulative proportion of children identified as wearing their accelerometers 
at different times of the day.  Reference lines on this figure give an indication when 70% of 
the sample wore accelerometers for 80% of the day, defined as a ‘standard measurement 
day’ (Catellier et al. 2005). For weekend days, the median (IQR) start time was 09:14 (08:11 
to 09:59) and finish time was 19:21 (18:43 to 20:01).  For weekdays the median start time 
was 08:23 (07:43 to 09:07) and finish time was 19:13 (18:31 to 20:01). 
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Figure 8.4: Standard measurement day. 
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Using the plots from the graph a ‘standard weekday’ was from 08:55 to 18:40 and a standard 
weekend day was identified as 09:48 to 18:51.  The results suggest that for 70% of 
population the median wear time [Standard measurement day = (finish time – start 
time)*0.8] for weekend days was 7 hours 14 min (434 min) and 7 hours 48 min (468 min) 
for weekdays.  It is interesting to note that the frequency plot pattern of wear time is similar 
for weekend and weekdays.  This is in contrast to the pattern seen in adolescent girls 
reported in the study by Catellier (2005), where wear time during weekdays had a markedly 
different pattern to wear time during a weekend day, whereby start times commenced later 
and finished later. 
 
8.3.2 Comparison of weekend and weekdays 
Data concerning the cpm for weekend and weekdays were not normally distributed and 
therefore the median (IQR) values are reported.  The median (IQR) cpm for weekend days 
was 653.4 (220.3) cpm and for weekdays it was 607.4 (180.9) cpm.  Results of the Wilcoxon 
Signed Rank test revealed that there was no significant difference between the weekend and 
weekday cpm (z = 1.66, p = 0.097 r = 0.11).  Using the Mann-Whitney U test, there was a 
significant difference with a medium effect size between cpm between males (Mdn = 643.0 
(213.5) cpm) and females (Mdn = 571.8 (157.1) cpm) for weekdays (z = -3.07, p < 0.05, 
r = -0.30), but no difference between males (Mdn= 665.8 (239.8) cpm) and females 
(Mdn = 643.1 (172.1) cpm) for weekend days (z = -1.42, p = 0.16, r = -0.14).  There was 
also a non-significant difference for males between weekdays and weekend days (z = -3.44, 
p = 0.73, r = -0.21) but a significant difference for females (z = -2.18, p = 0.03, r = -0.35) 
between weekdays and weekend days.  Figure 8.5 presents the median and inter-quartile 
range for the cpm for males and females comparing weekdays and weekend days. 
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Figure 8.5: Box plot of the median (IQR) of cpm for males and females comparing 
weekend with weekdays. 
 
 
The percentage of time spent in TPA was calculated for all participants (n = 112) who had at 
least 4 days of data.  This was calculated in hourly increments starting with participants who 
had at least 3 hours of data, then for participants with at least 4 hours of data, 5 hours of data 
up to participants with at least 10 hours of data.  The Kolmogorov-Smirnov statistic showed 
this data to not be normally distributed (p < 0.05) (Appendix VIII, Appendix Table VIII.i). 
Weekend days with 4, 5, 7, 8, 9 and 10 hours of data were normally distributed (p > 0.05).  
Table 8.3 presents the median percentage (IQR) of percentage time spent in TPA for 
weekend and weekdays.  
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Table 8.3: Comparison of median (IQR) percentage time spent in TPA for participants 
with at least 4 weekdays and for participants with at least 1 weekend day. 
 
Min number 
of hour/day 
Median (IQR) % time in TPA 
n Weekdays only 
(at least 4 days) 
n Weekend days only 
(at least 1 weekend day) 
10 h 78 25.9 (9.4) 59 26.3 (9.0) 
9 h 98 25.3 (9.6) 71 26.5 (10.2) 
8 h 99 25.2 (9.6) 78 25.8 (10.6) 
7 h 101 25.1 (9.5) 80 26.3 (10.7) 
6 h 103 25.1 (9.5) 81 26.0 (10.8) 
5 h 104 25.1 (9.5) 81 26.0 (10.6) 
4 h 105 25.0 (9.6) 81 25.8 (11.3) 
3 h 105 24.9 (9.7) 81 25.7 (11.8) 
IQR: interquartile range; TPA: total physical activity. 
 
Results of the Friedman’s ANOVA suggests there was no significant difference between 
percentage time spent in TPA between weekend and weekdays (χ2 (15) = 13.85 p > 0.05).  
The results suggest that the participants spent up to 1.2 % more time in TPA during weekend 
days in comparison to weekdays. 
 
Test of systematic bias  
Table 8.4 presents the results of the repeated measures ANOVA on the TPA recorded for 
each of the hours of data.  There was no significant difference between tests suggesting no 
significant systematic bias.  This is important as systematic bias can present a significant 
measurement error where factors influencing variation in physical activity across days could 
result in under- or over-estimation in activity levels across the sample (Ridley et al. 2009).  
However, it should be noted that one drawback of the ANOVA calculation is that the 
detection of systematic bias is affected by large random (residual) variation (Atkinson & 
Nevill, 1998). 
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Table 8.4: Results of repeated measures ANOVA for total physical activity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.3.3 Reliability analysis 
The results of the single day ICC measures and the S-B Prophecy formula for any 4 days of 
data are presented in Table 8.5.  The results of 4 days including a weekend days are outlined 
in Table 8.6. 
Hours of data 
collection 
Results of ANOVA 
10 h F (3,213) = 1.06, p = 0.368 
9 h F (3,264) = 0.43, p = 0.73 
8 h F (3,285) = 0.33, p = 0.8 
7 h F (3,288) = 1.34, p = 0.26 
6 h F (3,288) = 0.70, p = 0.55 
5 h F (3,300) = 0.44, p = 0.72 
4 h F (3,300) = 0.32, p = 0.81 
3 h F (3,303) = 0.46, p = 0.71 
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Table 8.5: Results of Spearman-Brown Prophecy formula based on any 4 days of data collection (which can include a weekend day). 
Hours  No. of 
participants 
entered in 
analysis 
Single day ICC 95% CI No. of days required to achieve ICC 
values of: 
No. (%) of children in sample (out of 
112) meeting ICC values of:
a
 
0.7 0.8 0.9 0.7 0.8 
10 h 72 0.35 0.23,0.48 4.33 7.43 16.71 55 (49) 0 
9 h 89 0.38 0.27, 0.50 3.81 6.53 14.68 89 (79) 32 (29) 
8 h 96 0.44 0.34, 0.55 2.97 5.09 11.45 100 (89) 80 (71) 
7 h 97 0.44 0.34, 0.55 2.97 5.09 11.45 104 (93) 85 (76) 
6 h 97 0.43 0.33, 0.54 3.09 5.30 11.93 97 (87) 84 (75) 
5 h 101 0.43 0.33, 0.53 3.09 5.30 11.93 101 (90) 88 (79) 
4 h 101 0.43 0.33, 0.54 3.09 5.30 11.93 101 (90) 88 (79) 
3 h 102 0.40 0.30, 0.51 3.50 6.00 13.5 102 (91) 92 (82) 
a
None of the children met the criteria for reliabilities of 0.9  
The suggested ‘optimum’ ICC values for this sample are highlighted.  Using the single day ICC value of 0.44, the S-B prophecy formula suggests that 
for 7 hours of data collection, for 3 days would achieve the desired ICC value of 0.7.  This would include 93% of the original sample. 
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Table 8.6: Results of Spearman-Brown Prophecy formula based on 4 days including 1 weekend day. 
Hours  No. of 
participants 
entered in 
analysis 
Single day 
ICC 
95% CI No. of days required to achieve ICC 
values of 
No. (%) of children in 
sample (out of 112) 
meeting ICC values of:
a
 
0.7 0.8 0.9 0.7 0.8 
10 h 54 0.27 0.12, 0.41 6.64 11.38 25.61 13 (12) 0 
9 h 68 0.37 0.25, 0.51 3.97 6.81 15.32 68 (61) 28 (25) 
8 h 74 0.35 0.23, 0.48 4.33 7.43 16.71 73 (65) 3 (3) 
7 h 76 0.37 0.25, 0.50 3.97 6.81 15.32 76 (68) 59 (53) 
6 h 77 0.36 0.24, 0.49 4.15 7.11 16.00 77 (69) 6 (5) 
5 h 80 0.37 0.25, 0.49 3.97 6.81 15.32 79 (70) 2 (2) 
4 h 80 0.36 0.25, 0.49 4.15 7.11 16.00 80 (71) 17 (15) 
3 h 86 0.39 0.28, 0.51 3.65 6.26 14.08 85 (76) 23 (20) 
a
None of the children met the criteria for reliabilities of 0.9 
The suggested ‘optimum’ ICC values for this sample are highlighted. Using the single day ICC value of 0.37, the results of the S-B prophecy formula 
suggests that for 7 hours of data collection, for 4 days would achieve the desired ICC value of 0.7.  This would include 68% of the sample. 
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The single day ICC values are similar to those reported in earlier studies (Hinkley et al. 
2012b).  The results of the S-B prophecy formula suggest that when including a weekend 
day, at least 7 hours of data collection for 4 days is necessary to achieve an ICC value of 0.7. 
While the ICC values for the inclusion of a weekend day are slightly lower than when ‘any’ 
4 days are used it is not clear of the impact that weekend days have on consistency across 
days. 
 
To explore the impact of including a weekend day in analysis, reliability coefficients were 
calculated for data with four weekdays only and for data with three weekdays plus one 
weekend day with subjects who had at least 7 hours of data (n = 74).  Table 8.7 presents the 
results.  Similar to the findings of Penpraze et al. (2006) the reliability coefficient did not 
change when a weekend day was included.  The reliability coefficients in this sample are 
slightly lower than reported in Penpraze et al. (2006), however, with 4 days of data 
collection the reliability coefficients are > 70%.  The results of the analysis also show that 
reliability of physical activity measurement depended on the number hours and the number 
of days of measurement included in the analysis. 
 
Table 8.7: Reliability coefficient (%) of days of data and 95% confidence intervals 
comparing 4 days of data which includes 1 weekend day and 4 weekdays. 
 2 days 3 days 4 days 
4 weekdays only  58 
(45 - 69) 
68 
(55 - 77) 
74 
(62 - 82) 
4 days including 1 weekend day 59 
(46 - 71) 
68 
(56 - 79) 
74 
(63 - 83) 
 
8.3.4 Influence of applying different criteria for non-wear time 
The influence that the exclusion of different periods of non-wear time has on whether 
participant’s data is included in analysis was explored.  Comparison was made between the 
sample size when the different non-wear time criteria of 10, 20 and 60 minutes of non-wear 
time were excluded when data were collected over 6, 8 and 10 hours. The results are 
presented in Table 8.8. 
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Table 8.8: Influence of non-wear time on number (%) of participants included in analysis. 
 6 hours 8 hours 10 hours 
Days > 10 > 20 > 60 > 10 > 20 > 60 > 10 > 20 > 60 
1 110 (98%) 110 (98%) 110 (98%) 109 (97%) 109 (97%) 110 (98%) 102(91%) 103 (92%) 103 (92%) 
2 107 (96%) 107 (96%) 107 (96%) 105 (94%) 105 (94%) 106 (95%) 92 (82%) 97 (87%) 99 (88%) 
3 106 (95%) 106 (95%) 106 (95%) 100 (89%) 100 (89%) 101 (90%) 77 (69%) 83 (74%) 94 (84%) 
4 98 (88%) 98 (88%) 100 (89%) 95 (85%) 96 (86%) 97 (87%) 62 (55%) 72 (64%) 81 (72%) 
5 97 (87%) 97 (87%) 98 (88%) 85 (76%) 89 (79%) 92 (82%) 46 (41%) 54 (48%) 70 (63%) 
6 85 (76%) 85 (76%) 86 (77%) 74 (66%) 80 (71%) 83 (74%) 25 (22%) 37 (33%) 56 (50%) 
7 69 (62%) 70 (63%) 72 (64%) 48 (43%) 55 (49%) 61 (54%) 9 (8%) 16 (14%) 24 (21%) 
8 5 (4%) 7 (6%) 14 (13%) 2 (2%) 2 (2%) 5 (4%) 0 0 2 (2%) 
9 2 (2%) 2 (2%) 3 (3%) 0 0 1 (1%) 0 0 0 
10 0 0 0 0 0 0 0 0 0 
Boxes highlighted are those where at least 80% of the sample are included 
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It can be seen in Table 8.8 that the number of hours and days of data collection seems to 
have an influence on participant inclusion when the different criteria for non-wear time are 
applied.  As the number of hours of data collection increases the ‘drop out of participants’ 
increases such that with 10 hours of data collection more than half of participants are 
excluded when 5 days or more days of data are collected, when the non-wear time criteria of 
excluding > 10 minutes and > 20 minutes of consecutive zeros are applied.  The highlighted 
boxes are those where more than 80% of participants are included in the sample. 
 
The influence of applying different criteria to exclude non-wear time on estimates of TPA 
was examined.  The data on minutes of TPA was found to be normally distributed (p > 0.05) 
and therefore the mean (SD) minutes of TPA was explored when 10, 20 and 60 minutes of 
non-wear time were excluded.  The results are presented in Figure 8.6. 
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Figure 8.6: Mean (SD) minutes per day spent in total physical activity (TPA) comparing 
different non-wear time (NWT) criteria. 
 
 
  
 
It can be seen that using shorter periods of non-wear time (10 minutes) result in a greater 
estimate for the number of minutes of TPA.  Differences of 16.1 minutes for the mean time 
per day spent in TPA was observed when 60 minutes of non-wear time from 6 hours of data 
(n = 110, mean (SD) min: 161.5 (35.8) min) was compared to 10 minutes of non-wear time 
with 10 hours of data (n = 102, mean (SD) min: 177.6 (36.9) min). 
 
The influence of non-wear time and hours of data collection on minutes spent in sedentary 
behaviour was also explored.  Analysis showed that this was not normally distributed so the 
results are presented using box plots with inter-quartile ranges in Figure 8.7. 
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Figure 8.7: Median (IQR) minutes per day spent in sedentary behaviour comparing 
non-wear time (NWT) criteria. 
 
  
 
It can be seen that for sedentary time, the use of 60 minutes of non-wear time would result in 
greater estimates of time spent in sedentary behaviour.  The median (IQR) minutes spent in 
sedentary behaviour ranged from 447.1 (61.2) min with the exclusion of 10 min of 
consecutive zeros from 6 hours of data (n = 110), to 519.3 (53.5) min with the exclusion of 
60 min of consecutive zeros from 10 hours of data (n = 103). 
 
8.4 DISCUSSION 
8.4.1 Standard measurement day 
The results of plotting a ‘standardised day’ were similar for weekend and week days, with a 
similar pattern of start and finish times.  This is in contrast to the findings of Catellier et al. 
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(2005) who plotted the start and finish times of adolescent girls, and found a marked 
difference in the start times and finish times for weekdays in comparison to weekend days.  
Using a ‘standardised’ day would mean that the minimum number of hours required for a 
week day would be 7 hours 14 minutes and for a weekend day 7 hours 48 minutes.  In 
contrast, Catellier et al. (2005) had the minimum number of hours as 11.2 hours for 
weekdays and 7.2 hours for weekend days.  However, the wear times are not necessarily an 
accurate reflection of times of day when a child or adolescent is awake but only indicate 
when the accelerometers were worn. 
 
8.4.2 Comparison of weekend and weekdays 
In this sample, there was no significant difference between mean cpm for weekdays and 
weekend days.  This is similar to the findings of earlier studies of pre-school children (Oliver 
et al. 2011).  While there was no significant difference in cpm for males between weekend 
and weekdays, females had significantly higher cpm at weekends compared to weekdays. 
For the females this was a median difference of 71.3 cpm between weekdays and weekend 
days. This finding is comparable to the findings of earlier studies where it was argued that 
this magnitude of difference may not be biologically meaningful (Penpraze et al. 2006).  In 
particular given the cut-points of ≥ 3200 cpm (Puyau et al. 2002) used for total physical 
activity, the small difference in cpm may result in minimal differences in estimates of TPA.  
 
Comparison between the different genders revealed that boys had significantly higher cpm 
during the week in comparison to girls.  The differences in cpm between males and females 
are reported in earlier studies (Eijkemans et al. 2008; Jackson et al. 2003; Montgomery et al. 
2004).  There were no differences in cpm for weekend days between males and females. 
 
There were no significant difference in the percentage of time spent in TPA between 
weekend and weekdays.  Children spent a similar percentage of time engaged in TPA during 
weekend days and weekdays.  There were slight differences in TPA between weekend and 
weekdays whereby children spent up to 1.2 % more time in TPA during weekend days in 
comparison to weekdays. The pattern of younger children being more active at weekends in 
comparison to weekdays has been reported in earlier studies and is thought to reverse as a 
child matures (Treuth et al. 2004b; Trost et al. 2000). 
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8.4.3 Reliability analysis 
The results of the reliability analysis revealed that the single day ICC values were fairly low 
but despite this they were similar to the findings of earlier studies (Hinkley et al. 2012b; 
Mattocks et al. 2008).  As greater inter-individual variation would result in higher ICC 
values (Ridley et al. 2009) it is possible that in this sample the inter-individual variation was 
low which could suggest that in this sample the levels of TPA were similar between 
participants.  While there was some increase in the single day ICC values with increasing 
number of hours of data collection there was no clear pattern to this.  However, similar to the 
findings by Penpraze et al. (2006) the ICC values in this study were seen to decrease when 
10 hours of data collection were used (0.27 for the data including a weekend day and 0.35 
for the data from any 4 days).  As ICC values are influenced by sample size (Baranowski and 
de Moor 2000) the differences in the ICC values may in part be attributed to the different 
sample sizes in each of the hourly groups.  It is noteworthy that when data including a 
weekend day were analysed, the single day ICC values were similar for 3- to 9-hours of data 
collected (ranging from 0.35 to 0.39) and the differences in the ICC values were small (≤ 
0.04).  As a result, a similar estimate in the number of days required to achieve a pre-
specified level of reliability was seen. 
 
To estimate the number of days of data collection using the S-B prophecy formula it was 
first necessary to decide on the desired level of reliability.  While setting an ICC value of 0.8 
may be desirable at the outset, this has an impact on the number of days of data collection 
required.  An ICC can be increased either by decreasing the intra-individual variation of 
activity between days, by increasing the number of days of measurement or by increasing the 
sample size (Baranowski and de Moor 2000).  In the present study for example, setting a 
reliability coefficient of 0.8 for data including 1 weekend day meant that in many cases 8 
days of data collection would be necessary.  One of the consequences of increasing the 
number of days of data collection is the risk of decreasing the sample size, due to exclusion 
of participant data which does not reach the minimum number of days criteria.  This is 
particularly concerning when studies involve young children where compliance may be more 
difficult.  It can also impact on the ‘completeness’ of the data being analysed.  Hinkley et al. 
(2012b) and Mattocks et al. (2008) both argue that an ICC target of 0.7 is an acceptable level 
of reliability as this level still manages to maximise the power of the study by reducing the 
number of participants excluded from analysis (Mattocks et al. 2008).  
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Taking the single day ICC value for 7 hours of data collection, an estimated 3 days of data 
collection are necessary for ‘any’ 4 days of data and 4 days are necessary when a weekend 
day is included to achieve an ICC value of 0.7.  Selecting 7 hours of data collection as a 
minimum criteria may help to minimise the possible effects that varying length of day could 
have on physical activity outcomes (Mattocks et al. 2008).  It will also allow for comparison 
of findings with earlier studies which have typically used 6 to 8 hours of data collection for 
this age group (Fisher et al. 2005b; Kelly et al. 2006; Kelly et al. 2007). 
 
The single day ICC values for ‘any’ 4 days of data collection were slightly higher (ranging 
from 0.35 to 0.44) than when a weekend day was included.  It is possible that the inclusion 
of a weekend day increases variability between days and this may be due to differences in 
the types of activity undertaken during weekend days in comparison to weekdays.  To 
explore the influence of a weekend day, data collected over 4 weekdays were compared with 
data from 4 days which included a weekend day.  It is notable that the inclusion of a 
weekend day had little effect on the resulting reliability coefficients.  This is a similar 
finding to the study by Penpraze et al. (2006).  While the reliability coefficient values in the 
current study are lower than the Penpraze et al. study (2006) the values were over 70% when 
4 days of data was collected for at least 7 hours/day. 
 
An earlier study by Raudsepp and Pӓll (1998) of older children (8 to 9 y) reported that 
reliability between weekend and weekdays was lower than when two weekend or two 
weekdays were compared.  The authors argued that the lower reliability may be explained by 
differences between weekend days where children partake in more unstructured free-time 
activities and weekdays or school days where activity is more stable.  The results of the 
current study suggest that the reliability between weekend and weekdays is similar.  Since 
younger children in this study were not yet in formal school education it is possible that their 
activities during the week are less structured and therefore their habitual physical activity 
behaviour is more similar to activity undertaken during a weekend day.  The differences in 
weekend and weekdays may become more apparent when children start attending school 
during weekdays. 
 
There are, however, limitations in the present study with the use of ICC values and the S-B 
prophecy formula.  ICC values are constrained to the sample from which they are calculated 
(Baranowski and de Moor 2000), and the magnitude of the intra- and inter-individual 
variances in physical activity are sample-specific (Ridley et al. 2009).  In addition, the S-B 
 185 
 
prophecy formula assumes that the ICC remains the same when additional monitoring days 
are added (Ridley et al. 2009).  
 
8.4.4 Influence of applying different criteria for non-wear time 
The analysis of the influence of non-wear time on participant involvement suggested that 
both the hours of data collection and the non-wear time periods influenced the sample size.  
With 10 hours, the sample size fell below 80% with more than 2 days of data collected when 
the non-wear time criteria to exclude 10 and 20 minutes of consecutive zeros were applied.  
With 6 and 8 hours, the periods of non-wear time did not seem to greatly influence the 
exclusion of participants and a greater influence came from the criteria set for the hours of 
data collection.   
 
The effect of applying different non-wear time criteria and hours of data collection had an 
influence on estimates of TPA.  It should be noted that the sample sizes of these groups were 
not the same, and therefore this analysis includes data from different participants which may 
explain some of the differences in outcome. To explore the influence of non-wear time on 
the same group of participants, this analysis was repeated for participants who had complete 
data for 10 hours collected over 4 days (n = 62).  The results are presented in Table 8.9. The 
differences between time spent in TPA were less apparent when the criteria for 10 minutes 
and 60 minutes of non-wear time were applied to the data (approximately 3 minutes).  There 
was however, a more apparent difference for time spent in sedentary time (approximately 37 
minutes). 
 
Table 8.9: Median (IQR) minutes of total physical activity and sedentary behaviour per 
day comparing non-wear time criteria applied to ‘complete’ participant data.  
 Exclusion of periods of non-wear time (n = 62) 
 10 min  20 min 60 min 
TPA 181.87 (32.57) 179.18 (33.42) 176.51 (32.97) 
Sed 491.48 (40.55) 503.90 (42.96) 528.80 (53.57) 
Complete data: participants with 4 days of 10 hours of data; Sed: sedentary behaviour; 
TPA: total physical activity. 
 
The longer the non-wear time excluded (e.g. 60 minutes of non-wear time), the greater the 
time consequently classified as sedentary.  Similar findings have been reported in a study by 
Evenson et al. (2009) of post partum women (n = 182) whereby excluding longer periods of 
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non-wear time (60 versus 20 minutes of consecutive zeros) led to an increase in estimated 
sedentary time and a decrease in percentage time classified as MVPA.  In a study involving 
adolescent girls (n = 1,348, 11 - 13 years), Toftager et al. (2012) reported that the longer the 
period of non-wear time excluded, the lower apparent physical activity levels (cpm).  It is 
possible that as the number of consecutive zeros used to define non-wear time increases, 
there will be more zeros left within the data to be included in the analysis and therefore a 
greater amount of time is classified as sedentary.  For example, as there will likely be fewer 
sustained episodes of 60 minutes of consecutive zeros, in comparison to 10 minutes of 
consecutive zeros in the data, using the 60 minute of non-wear time criteria would result in 
less of the zero count data being excluded. 
 
While the analysis of this data does not give an indication of which criteria are the optimal to 
use for non-wear time, the findings do suggest the criteria applied will have an influence on 
the overall outcome and this is complicated by the minimal number of hours selected.  
Researchers have argued that it is likely that adults will remain still for longer periods than 
children and it may be appropriate to select thresholds with longer durations of consecutive 
zeros with adults (Mâsse et al. 2005).  In reviewing the evidence from the literature on bouts 
of non-wear time, the only studies to have investigated this in children are by Esliger et al. 
(2005) and Alhassan et al. (2008) and both these studies suggest that excluding data with 
greater than 20 minutes of consecutive zeros may be a reasonable approach to adopt. It 
remains to be seen whether age-specific criteria for non-wear time are necessary and further 
investigation is warranted. 
 
8.4.5 Conclusion 
The results of the present study suggest that there were no differences in accelerometer cpm 
between weekend and weekdays.  However, some gender differences were apparent.  There 
were also no significant differences in percentage time spent in TPA and the differences in 
TPA between weekend and weekdays was no more than 1.2%.  The pattern of wear time for 
the accelerometers was similar between weekend and weekdays which may support the 
hypothesis that younger children are active for a similar amount of time at the weekend 
compared to weekdays and that this differs from what has been reported in studies of 
adolescents (Catellier et al. 2005).  The inclusion of a weekend day had minimal influence 
on reliability coefficient values and hence the inclusion of a weekend day is not necessary 
for this sample.  While the ICC values were similar for all hours of data collection, 7 hours 
of data collection had the highest ICC value (0.44) and it is estimated that 3 days of data 
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collection would achieve an ICC value of 0.7.  The application of different non-wear time 
criteria, to exclude periods of consecutive zeros, did impact on estimates of time spent in 
TPA and sedentary behaviour.  Excluding 60 minutes of non-wear time resulted in more time 
classified as sedentary and less time classified as TPA in comparison to 10 minutes of 
non-wear time.  This has to be considered when comparing results of different studies.   
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 : GENERAL DISCUSSION CHAPTER 9
9.1 INTRODUCTION 
This thesis set out to make an original contribution to knowledge in relation to how 
accelerometers are used to accurately measure free-living physical activity and sedentary 
behaviour of pre-school children.  As outlined in the introduction (Chapter 1), accurate 
measurement is vital to gain a deeper understanding of the relationship between physical 
activity, sedentary behaviour and health.  It is particularly important for determining the 
success of interventions aimed at the promotion of physical activity or reduction of time 
spent in sedentary behaviour.  It also supports the surveillance of physical activity and 
sedentary behaviour in populations including tracking of behaviours over time.  Physical 
activity behaviour in young children is believed to be distinct to physical activity behaviour 
seen in older children, whereby younger children tend to engage in more sporadic bursts of 
high intensity physical activity (Bailey et al. 1995).  However, the true characteristics of 
physical activity and sedentary behaviour in the pre-school population are not well 
understood.  Moreover, varying degrees of methodological uncertainty exist with regard to 
accurate accelerometer-based quantification of physical activity and sedentary behaviour of 
young children (Cliff et al. 2009b).  This thesis is based on six empirical studies, each one 
addressing a specific and discrete methodological question.  The questions upon which this 
thesis are based and which relate to the accuracy of measurement of physical activity in 
pre-school children are as follows: 
 
 What are the implications of shorter epochs on estimates of physical activity and 
sedentary behaviour in pre-school children (i.e. is there an epoch effect)? (Chapter 
3). 
 Which epoch is most accurate for measurement of physical activity in pre-school 
children? (Chapter 4). 
 Are there advantages of using triaxial over uniaxial accelerometry to measure 
physical activity in pre-school children? (Chapter 5). 
 Which Actigraph accelerometry cut-points are most accurate for pre-school 
children? (Chapter 6). 
 Are different generations of Actigraph accelerometers comparable when used with 
pre-school children? (Chapter 7). 
 What is the recommended wear time to provide a reliable estimate of habitual 
physical activity and sedentary behaviour in pre-school children? (Chapter 8).  
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Table 9.1 summarises the research questions posed in this thesis and the key findings. 
 
The purpose of this final chapter is to consider and synthesise the findings from the six 
empirical study chapters in greater depth and to evaluate these finding in the context of the 
existing literature.  This chapter will also consider the limitations of the studies and discuss 
the implications of these empirical observations for future research.  Finally, this chapter will 
make recommendations for investigators and policy makers regarding measurement of 
physical activity and sedentary behaviour in pre-school children. 
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Table 9.1: Summary of key findings from thesis. 
CARS: Children’s Activity Rating Scale; MVPA: moderate-to-vigorous physical activity 
Research question/Study Key findings  
Is there an epoch effect? 
(Chapter 3) 
 There was an epoch effect with 15-s epochs resulting in significantly more minutes classified as MVPA in 
comparison to 60-s epochs. 
 There was a moderate effect size (r = -0.32) for this average difference of 11 min/day. 
Which epoch is most accurate?  
(Chapter 4) 
 Good absolute agreement between accelerometry estimates of MVPA at 15-s epochs and the CARS criterion 
measure, suggesting that 15-s epochs may be more accurate than 60-s epochs for detecting time spent in 
MVPA.  
Are there advantages to using 
triaxial accelerometry?  
(Chapter 5) 
 No advantage of using the RT3 triaxial accelerometer over a uniaxial accelerometer for studies of pre-school 
children for assessment of either relative or absolute amounts of physical activity.  
 The Sun et al. (2008) cut-point for the RT3 for light jog (780 counts/15 s) provides a reasonable estimate of 
MVPA against the CARS criterion measure. 
Which Actigraph accelerometry 
cut-points are most accurate?  
(Chapter 6) 
 The Puyau et al. (2002) cut-points provided estimates of time spent in light intensity physical activity, MVPA 
and sedentary behaviour that had good absolute agreement with the CARS criterion measure.  
 The Sirard et al. (2005) cut-points had good agreement with the CARS for MVPA, but overestimated time 
spent in sedentary behaviour and underestimated time spent in light intensity activity.  
Are different generations of 
Actigraph accelerometer 
comparable? 
(Chapter 7) 
 Good agreement between 7164 output and GT1M output for total physical activity when a correction factor is 
applied to the GT1M data (7164= GT1M/0.91). 
 Applying a correction factor may partially resolve the issue of the output from the GT1M having lower cpm 
than the 7164 model.  
What is the recommended wear 
time to provide a reliable estimate of 
habitual physical activity and 
sedentary behaviour in pre-school 
children? 
 (Chapter 8) 
 Small differences (< 1.2% difference over a day) between estimates of percentage time spent in total physical 
activity between weekend and weekdays. 
 Three days of data collection for a minimum of 7 hours provided adequate reliability (ICC = 0.7).  Inclusion 
of a weekend day did not influence reliability. 
 Different criteria for ‘non-wear time’ (e.g. exclusion of 10, 20 and 60 minutes of consecutive zeros) had an 
impact on estimates of time spent in sedentary behaviour and total physical activity. 
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9.2 EPOCH EFFECT AND WHICH EPOCH IS MOST ACCURATE?  
It has been argued that shorter epochs (< 60-s epochs) may be more accurate than longer 
epochs (e.g. 60-s epochs) in capturing high intensity physical activity, particularly in young 
children (Trost et al. 2005).  The first epoch study (Chapter 3) which was published in 2008, 
set out to investigate the implications of using different accelerometry epoch lengths to 
measure time spent in MVPA from 32 free-living pre-school children (5 to 6 y, mean 
(SD) = 5.9 (0.7) y) for data collected over a 7 - 10 day period.  At the time of publication, the 
recommendations for health were for pre-school children to engage in 60 minutes of MVPA 
per day (Scottish Executive 2003).  The results suggested that there was a significant 
difference in estimated daily time spent in MVPA with 15-s epochs, resulting in 
approximately 11 minutes more time in MVPA than the 60-s epoch and that there was a 
moderate effect size for this difference ((r = -0.32) see Chapter 3, Table 3.3, p. 96).   
 
While there were differences in the estimates of the median number of minutes of time per 
day spent in moderate intensity physical activity, for which 15-s epochs resulted in just under 
10 minutes more time in comparison to 60-s epochs, there was only a small difference in the 
estimates of median daily minutes of vigorous intensity activity between the epochs 
(1.3 minutes, between 15- and 60-s epochs).  There was a more apparent difference for LPA 
activity, where 60-s epochs resulted in 28 minutes more time being classified as LPA in 
contrast to the shorter epoch of 15 s.  The results of the current study may partially support 
the hypothesis that longer epochs can lead to a ‘smoothing’ effect, whereby the averaging of 
episodes of higher intensity activity with low intensity activity in the same epoch could 
result in an underestimation of true levels of higher intensity activity (Trost et al. 2005).  
However, while an earlier study by Nilsson et al. (2002) reported that longer epochs resulted 
in ‘hard’ and ‘very hard’ physical activity being re-classified as ‘moderate’ intensity physical 
activity, in the current study longer epochs resulted in more minutes classified as LPA. 
 
What does not seem to concur with the pattern for less time classified at higher intensity, is 
that the longer 60-s epoch resulted in an estimated 3 minutes less time spent in sedentary 
behaviour compared to the 15-s epoch.  The only other study to date which has reported on 
the influence of epoch length on sedentary behaviour is by Ojiambo et al. (2011) who 
reported a similar pattern with 86 school aged children (mean (SD) age: 7 (2) y) measured 
over 6 days, when the Puyau et al. (2002) cut-points were applied.  However, this result may 
be reflective of the cut-points applied to differentiate between sedentary behaviour and LPA. 
In the study by Ojiambo et al. (2011) the interaction between epochs and cut-points was 
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illustrated.  The authors reported that the application of the Reilly et al. (2003) and the Sirard 
et al. (2005) cut-points to the accelerometry data resulted in more time classified as 
sedentary behaviour with longer epochs.  This is in direct contrast to what was observed 
when the Puyau et al. (2002) cut-points were applied.  This might be due to the lower 
cut-point threshold for the Puyau et al. (2002) (< 800 cpm) for classifying sedentary 
behaviour, which could result in misclassification of some of the sedentary behaviour time as 
time spent in LPA.  In contrast, the higher thresholds for sedentary behaviour for the Reilly 
et al. (2003) cut-points (< 1100 cpm) and the Sirard et al. (2005) cut-points (< 1207,< 1452 
and < 1592 cpm for 3-,
 
4- and 5-year-old children respectively) may result in more time 
classified as sedentary behaviour instead of LPA.  However, it should be noted that in the 
first epoch study of this thesis, the 7164 Actigraph accelerometer was used to collect data 
and, as was revealed in Chapter 7, the output from the GT1M is not necessarily directly 
comparable with the output of the 7164 accelerometer.  So, while the higher cut-points for 
sedentary behaviour may be suitable for the 7164 accelerometer, they are not necessarily 
accurate for the GT1M accelerometer.  Moreover, in the Ojiambo et al. (2011) study the 
ActiTrainer (Actigraph, Fort Walton Beach, FL, USA) accelerometer was used and it is not 
clear if this accelerometer model is comparable with other Actigraph models. 
 
The ability to make an accurate distinction between sedentary behaviour and LPA has 
become particularly important in recent years given the change to the recommendations for 
health, in that pre-school children should engage in 180 minutes of ‘total’ physical activity 
(combining LPA and MVPA activity) per day (Australian Government, Department of 
Health and Ageing 2009; Canadian Society of Exercise Physiology 2012; Department of 
Health, Physical Activity, Health Improvement and Protection 2011).  Given the updated 
recommendations for health, the data were revisited to investigate the influence that epochs 
had on time spent in TPA when the Puyau et al. (2002) cut-points were applied (Table 9.2). 
 
Table 9.2: Median (IQR) minutes of total physical activity (TPA) with Puyau et al. 
(2002) cut-points. 
 Epoch (seconds) 
 15 s 30 s 60 s 
TPA  174.3 (68) 
 
185.8 (83) 192.0 (95) 
TPA: total physical activity. 
 
The results in Table 9.2 suggest that the longer epoch resulted in a significantly greater  
amount of time being classified as TPA (z = -14.1, p = 0.00, r = -0.6).  This is important, as 
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researchers need to be aware of the influence that different epochs have on outcomes.  It is 
not necessarily as straightforward as shorter epochs resulting in more time spent in higher 
intensity activity, because shorter epochs may also influence the classification of time spent 
in low intensity physical activity and time spent in sedentary behaviour.  
 
Since publication of the findings from Chapter 3 in 2008 (Reilly et al. 2008), the epoch 
effect, which can impact on estimates of time spent in MVPA, has been reported in other 
published studies with school-aged and pre-school children (Edwardson and Gorely 2010; 
Mahar et al. 2008; Ojiambo et al. 2011; Vale et al. 2009).  However, these earlier studies 
with pre-school children have been limited to data collected from school days (Vale et al. 
2009), or have been based on data collected over one day (Mahar et al. 2008).  The novel 
contribution of the current study is that it is the only study to date which has investigated 
epoch effect in pre-school children over an extended period of time (7 - 10 days). 
 
In the second epoch study of this thesis (Chapter 4), the accuracies of the different epochs 
were compared against a criterion measure using the CARS (1990) direct observation tool 
with 31 pre-school children (mean (SD) age: 4.4 (0.8) y) during their 1 hour of time-tabled 
outdoor play time.  This study provided evidence to support the widespread perception that 
shorter epochs are essential to accurately measure MVPA in young children. The results 
revealed that estimates from 15-s epochs had good absolute agreement with the CARS 
criterion measure (mean difference (LOA): 0.8 (-6.22 to 7.8) min), in comparison to 
estimates made with 60-s epoch, which had a greater mean difference from the criterion 
measure (mean difference (LOA): 3.2 (-6.7 to 13.2) min). 
 
The study also revealed that shorter epochs of 1 and 5 s resulted in higher levels of MVPA 
than the 15-s epochs (Chapter 4, Table 4.2).  A limitation of this study was that the CARS 
criterion measure in this study was undertaken in 15-s observation periods.  Consequently it 
is not clear whether shorter epochs would offer greater accuracy, and it is possible that 15-s 
epochs may be underestimating time in MVPA.  It is plausible to speculate that this may be 
the case and authors have indeed argued that shorter epochs would offer greater sensitivity to 
detect changes in physical activity intensity (Ayabe et al. 2013).  While this was not possible 
in the early days of accelerometry, with the advanced memory storage capabilities of 
currently available accelerometers, the collection of data using shorter epochs over extended 
periods of time is now possible (Rowlands 2007).  
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In the Chapter 4 epoch study, it became apparent that use of the Sirard et al. (2005) 
cut-points led to significant differences between the estimates of sedentary behaviour, LPA 
and TPA and the CARS for both 15- and 60-s epochs (p < 0.001).  Interestingly,  in this 
study both epochs produced an ‘underestimation’ of the TPA and the accelerometry estimate 
of sedentary behaviour was much higher than the CARS estimate.  This could suggest that 
the higher cut-points by Sirard et al. (2005) may be misclassifying time spent in LPA as time 
spent in sedentary behaviour. 
 
In conclusion, the use of longer epochs resulted in a greater amount of time being classified 
as LPA, with shorter epochs resulting in more time classified as moderate intensity physical 
activity. Very little time was seen to be spent in vigorous activity and, therefore, any 
differences between different epochs for vigorous activity were less apparent.  There was 
good absolute agreement between accelerometry estimates of MVPA at 15-s epochs and the 
criterion measure of direct observation, suggesting that the 15-s epochs may be more 
accurate than 60-s epochs for detecting time spent in MVPA.  There were, however, large 
limits of agreement, so while the accuracy may be adequate at a group level, this may not be 
the case for individual classification of physical activity intensity.  
 
Table 9.3 presents the summary of the key finding for Chapter 3 and Chapter 4. 
 
Table 9.3: Summary of key findings from Chapter 3 and 4. 
Is there an epoch 
effect?  
(Chapter 3) 
 Shorter epochs (15 s) resulted in significantly more time 
classified as MVPA than 60-s epochs. 
Which epochs are 
most accurate? 
(Chapter 4) 
 Good absolute agreement between accelerometry 
estimates of MVPA at 15-s epochs and the CARS 
criterion measure, suggesting that 15-s epochs may offer 
greater accuracy than 60-s epochs for detecting time 
spent in MVPA.  
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9.3 ARE THERE ADVANTAGES TO USING TRIAXIAL ACCELEROMETRY? 
In Chapter 5, the aim was to investigate whether there were advantages to using triaxial over 
uniaxial accelerometers to measure physical activity in pre-school children.  To allow 
comparison between the models, the GT1M uniaxial accelerometer and the RT3 triaxial 
accelerometers were worn simultaneously by 31 pre-school children (mean (SD) age: 4.4 
(0.8) y) while they engaged in 1 hour of free-play.  The accelerometry count output from 
both monitors was compared against direct observation using the CARS (Puhl et al. 1990) 
scale as the criterion method for time spent at different intensities of physical activity and 
sedentary behaviour.  The results of the study suggest that there was no evidence that the 
triaxial RT3 accelerometer was more accurate than the GT1M accelerometer for estimating 
absolute amount of time spent in MVPA.  While there was a positive correlation between the 
output from the RT3 and GT1M models, accounting for almost 50% of the shared variance 
(r = 0.72, p < 0.001), there were marked differences between the accelerometer models in 
estimates of time spent in MVPA, which varied according to the cut-point threshold applied 
to the data (Chapter 5, Table 5.2).  In addition, there was an overestimation of time spent in 
MVPA for all cut-points for the RT3 when compared against the CARS (Puhl et al. 1990) 
criterion method (Chapter 5, Table 5.2). 
 
At the time of publication of Chapter 5 in 2012 (Hislop et al. 2012b), there were no 
published cut-point thresholds for the RT3 for pre-school population.  However, later in 
2012, Adolph et al. reported on their calibration study in which they undertook whole room 
direct calorimetry with 64 pre-school children (mean (SD) age: 4.5 (0.8) y) over a 3-hour 
period.  They reported that the accelerometer counts between the RT3 and the uniaxial 
models (Actical and Actiheart) were positively correlated with each other (r = 0.8 - 0.95, 
p = 0.001) and that the overall classification accuracy (71% and 72%) was similar for the 
RT3 (73%) and the uniaxial accelerometers respectively (Adolph et al. 2012).  The authors 
identified a cut-point for MVPA of 1400 cpm, or 350 counts/15 s, which is lower than the 
413 counts/15 s identified by Sun et al. (2008) as ‘walking relaxed’.  Given that in the 
current study, the Sun et al. (2008) cut-point for walking relaxed resulted in an 
overestimation of MVPA (19.3 min for the Sun et al. (2008) cut-points compared to 4.8 min 
for the CARS), lowering the threshold for MVPA further would result in a greater difference 
between the accelerometer estimated time in MVPA and the CARS (Puhl et al. 1990).  
However, Adolph et al. (2012) also identified cut-points for specific ‘moderate’ intensity 
activities such as ball play and dancing/aerobics (468 and 590 counts/15 s) and a fast 
translocation defined as ‘jog’ (691.5 counts/15 s).  The cut-points for these ‘moderate’ 
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intensity activities are closer to the Sun et al. (2008) cut-point of 780 counts/15 s for a light 
jog, which in the current study (Chapter 5) resulted in an estimate for MVPA which was 
most similar to the CARS criterion measure of MVPA.  Despite this, Adolph et al. (2012) 
reported a good correlation between RT3 accelerometer counts from the vector magnitude 
measure and the CARS (r = 0.74). 
 
One explanation for the differences in the cut-point thresholds between the current study and 
the study by Adolph et al. (2012) relates to the differences in the calibration processes used 
in the studies. In the Adolph et al. (2012) study, the thresholds were based on established 
heart rate (HR) cut-offs to predict Activity Energy Expenditure (AEE), and in the current 
study a behavioural approach to quantify physical activity behaviour was used.  While the 
current study is limited in so far as it is not possible to predict AEE from the CARS 
approach, there are also concerns with using HR as a proxy for physical activity, as this can 
be affected by factors other than physical activity, such as emotions, surroundings, 
dehydration and temperature (Muller and Bosy-Westphal 2003).  It has also been argued 
that, rather than being a measure of physical activity, HR is more appropriately used to 
provide an indirect approximation of energy expenditure (Oliver et al. 2007b). 
 
In conclusion, the results of the current study suggest that there is no advantage to using the 
RT3 triaxial accelerometer over a uniaxial accelerometer in studies of pre-school children for 
assessment of either relative or absolute amounts of physical activity. Results from this study 
suggest that, if behavioural measures of physical activity are of interest, then a higher 
cut-point threshold for the RT3, similar to the Sun et al. (2008) cut-point for light jog 
(780 counts/15 s), would provide a more reasonable estimate of MVPA.  Table 9.4 provides 
a summary of the key findings from Chapter 5. 
 
Table 9.4: Summary of key findings from Chapter 5. 
Are there advantages to 
using triaxial 
accelerometry?  
(Chapter 5) 
 No advantage to using the RT3 triaxial accelerometer over 
a uniaxial accelerometer for studies of pre-school children, 
for assessment of either relative or absolute amounts of 
physical activity.  
 The Sun et al. (2008) cut-point for the RT3 for light jog 
(780 counts/15 s), provides a reasonable estimate of 
MVPA against the CARS criterion measure. 
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9.4 WHICH CUT-POINTS ARE MOST ACCURATE? 
In the study presented in Chapter 6, the principle aim was to validate Actigraph 
accelerometry cut-points for estimating physical activity and sedentary behaviour in 
pre-school children during free-play.  In this study, estimates of time spent at different 
intensities (sedentary behaviour, LPA and MVPA) were compared when different 
accelerometry cut-points were applied to data collected from 31 pre-school children (mean 
(SD) age: 4.4 (0.8) y) during 1 hour of free-play.  The accuracy of the cut-points was 
determined using the CARS (Puhl et al. 1990) criterion measure of physical activity in the 
same population. 
 
The result of this study highlighted the marked differences in outcome when different 
cut-points were applied (Chapter 6, Table 6.2).  The impact that these differences have on 
apparent levels of MVPA and time spent in sedentary behaviour have been highlighted in a 
number of earlier studies (Guinhouya et al. 2006; Mota et al. 2007; Reilly et al. 2008).  In the 
Reilly et al. (2008) study, for example, estimates of MVPA ranged from 28 min MVPA per 
day with the Puyau et al. (2002) cut-points to 226 min (nearly 4 hours) of MVPA with the 
Freedson et al. (1997) cut-points.  However, while these studies have described the 
differences in outcome with different cut-points, in contrast to the current study, they have 
not addressed the issue of the accuracy of various cut-points. 
 
The study presented in Chapter 6 indicated that the Pate et al. (2006) and the 
Van Cauwenberghe et al. (2011) cut-points significantly overestimated minutes of MVPA in 
pre-school children compared against a direct observation method.  Use of the Puyau et al. 
(2002) and Sirard et al. (2005) cut-points produced estimates of MVPA (median minutes of: 
4.3 min and 4.8 min respectively), which were not significantly different from the criterion 
measure (CARS: 4.8 min).  The Puyau et al. (2002) thresholds for sedentary behaviour, LPA 
and for TPA were the only other cut-points which provided estimates that were not 
significantly different from the criterion measure and provided agreement at a group level 
with the criterion measure. 
 
The reason that different cut-points have been developed might again be explained by the 
differences in calibration methods adopted to validate the thresholds.  Pate et al. (2006) and 
Evenson et al. (2008) used indirect calorimetry as a measure of energy expenditure, 
however, in the current study and the study by Van Cauwenberghe et al. (2011) the CARS 
direct observation tool was used as the criterion method.  The differences between the 
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current study and the Van Cawenberghe et al. (2011) study may in part be due to differences 
in interpretation of the scoring system for the CARS tool.  In the current study MVPA was 
classified as activity at CARS Levels 4 and 5 which were grouped together.  In contrast, 
Van Cauwenberghe et al. (2011) classified moderate activity as averaged CARS scores of 
between 3.1 and 4 and vigorous as being averaged scores of between 4.1 and 5.  The lower 
CARS scores used by Van Cauwenberghe et al. (2011) for moderate intensity in their study 
meant that they included activities with an average energy expenditure of less than three 
times an individual’s resting energy expenditure, which in the original CARS study was 
considered to be LPA (Puhl et al. 1990).  This included activities described as being 
‘translocation’ (slow/easy), such as slow walking (Puhl et al. 1990).  The current study used 
the higher average CARS score of more than or equal to four to define MVPA, since this 
represented an average energy expenditure of more than three times individual resting 
energy expenditure according to the original CARS study (Puhl et al. 1990).  In addition, the 
approach outlined in Sirard et al. (2005) involved coding the observations over a 15-s period 
instead of the second-by-second direct observation coding used by Van Cauwenberghe et al. 
(2011).  Finally, another explanation may be that the Van Cauwenberghe et al. (2011) study 
made use of indoor play, while the current study involved outdoor play, it is possible that the 
patterns and intensity of activity undertaken in these environments are different.  
 
It is interesting to note that use of the lower threshold for sedentary behaviour recommended 
by Puyau et al. (2002) (< 200 counts/15 s) was not significantly different (z = -2.5, p = 0.01, 
r = -0.3) from the CARS criterion method (Chapter 6, Table 6.2).  Cut-points employing a 
higher threshold for sedentary behaviour characterisation, such as those advocated by Sirard 
et al. (2005) (< 301 counts/15 s for 3 year olds to < 398 counts/15 s for 5 year olds) and Van 
Cauwenberghe et al. (2011) (< 373 counts/15 s), which both used the CARS criterion 
measure, resulted in an overestimation of time spent in sedentary behaviour.  While the 
higher threshold for sedentary behaviour might be due to the Sirard et al. (2005) calibration 
study using the 7164 Actigraph model, which as observed in Chapter 7 may be recording 9% 
higher than the GT1M, this does not explain the difference in thresholds with the Van 
Cauwenberghe et al. (2011) study which used the GT1M accelerometer.  The reason for the 
differences is more likely explained by the cut-points being calibrated against different 
sedentary activities.  In the Puyau et al. (1990) study, the sedentary activities were all 
undertaken in sitting, while in the Sirard et al. (2005) and the Van Cauwenberghe et al. 
(2011) study, stationary activities, which included both sitting and standing, were classified 
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as sedentary activities.  This will be discussed further in the limitations section of this 
chapter.  
 
Recent years have seen the emergence of an argument for the use of a lower threshold 
(≤ 100cpm or ≤ 25 counts/15 s) (Evenson et al. 2008) to classify time spent in sedentary 
behaviour (Trost et al. 2011).  However, the application of this threshold has yet to be 
validated in pre-school children.  The threshold of ≤ 25 counts/15 s for classifying sedentary 
behaviour, validated by Evenson et al. (2008), in a study of 33 school-aged children (mean 
(SD) age: 7.3(1.1) y), is considerably lower than the cut-points proposed by Puyau et al. 
(2002) and Sirard et al. (2005).  Figure 9.1 and Figure 9.2 illustrate the differences in 
outcome for the average time spent in sedentary behaviour and total physical activity when 
the Evenson et al. (2008) Puyau et al. (2002) and the Sirard et al. (2005) cut-points are 
applied to the same set of free-living data collected from 104 children with at least 7 hours of 
data for 3 days.  The data were tested for normality using the Kolmogorov-Smirnov test and 
data on sedentary behaviour were not normally distributed (p < 0.05), while the data on TPA 
were normally distributed (p > 0.05) (Appendix IX, Appendix Table IX.i). 
 
When the Evenson et al. (2008) cut-points are applied 100% of the sample would be seen to 
be meeting the recommendation of 180 minutes of total physical activity per day (mean (SD) 
min/day: 337.8 (50.8) min).  With the application of the Puyau et al. (2002) cut-points, 31% 
of the sample met the recommendations (mean (SD) min/day: 165.4 (36.7) min) and with 
Sirard et al. (2005) cut-points, only 3% of the children in the sample achieved the 180 
minutes per day recommendation (mean min/day (SD) = 117.7 (30.8) min).  The differences 
in output that can result from applying different cut-points to process the accelerometry data 
are of concern and will have major implications for researchers and policy-makers in their 
attempts to determine whether pre-school children are sufficiently active for health or not. 
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TPA: total physical activity. 
Figure 9.1: Comparison of mean (SD) minutes per day using Evenson et al (2008), Puyau et al 
(2002) and Sirard et al (2005) cut-points for total physical activity (n=104). 
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Figure 9.2: Comparison of median (IQR) minutes per day using Evenson et al. (2008), Puyau 
et al. (2002) and Sirard et al. (2005) cut-points for sedentary behaviour (n=104). 
Sed: sedentary behaviour. 
 
As discussed above, differences in the calibration methods in the original studies might be 
one explanation for the different cut-points proposed.  The Evenson et al. (2008) study 
involved a structured protocol of activities using indirect calorimetry as a criterion measure 
for the 7164 accelerometer.  In contrast, the current study used a behavioural approach as the 
criterion method while children engaged in unstructured outdoor free-play activities.  It is 
possible that the nature of free-play means that the episodes of physical activity are likely to 
be more sporadic and intermittent than during a structured protocol.  Similar to what was 
discussed earlier, the Evenson et al. (2008) study only included sitting activities in their 
protocol for ‘sedentary behaviour’, while the CARS method includes stationary standing as a 
‘sedentary behaviour’ (Puhl et al. 1990).  Currently there is no clear consensus in the 
literature relating to the behaviours and, in particular, stationary standing, which might 
contribute to sedentary behaviour (De Decker et al. 2013).  This topic will be discussed more 
fully in the limitations section of this chapter.  Finally, the differences in the output between 
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GT1M and 7164 accelerometers also raises questions about the validity of cut-points 
developed for the 7164 accelerometer being applied to output from the GT1M accelerometer. 
 
In conclusion, application of the Puyau et al. (2002) cut-points provided estimates of time in 
sedentary, LPA and MVPA that had good absolute agreement with the CARS criterion 
measure.  The Sirard et al. (2005) cut-points for MVPA had better agreement with the 
CARS, but the cut-points for sedentary behaviour and LPA resulted in an overestimation of 
time spent in sedentary behaviour and an underestimation of time spent in light intensity 
physical activity. Table 9.5 summarises the key findings from Chapter 6. 
 
Table 9.5: Summary of key findings from Chapter 6. 
Which cut-points are 
most accurate?  
(Chapter 6)  
 The Puyau et al. (2002) cut-points provided estimates of 
time in sedentary, LPA and MVPA that had good absolute 
agreement with the CARS criterion measure.   
 The Sirard et al. (2005) cut-points had good agreement with 
the CARS for MVPA, but overestimated time spent in 
sedentary behaviour and underestimated time spent in LPA.  
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9.5 ARE DIFFERENT GENERATIONS OF ACTIGRAPH ACCELEROMETERS 
COMPARABLE? 
The aim of the study outlined in Chapter 7 was to compare different generations of 
Actigraph accelerometers.  In the first study a mechanical set up was used to simultaneously 
oscillate the 7164 and the GT1M Actigraph accelerometers through a range of accelerations.  
During a second study, the 7164 and GT1M Actigraph accelerometers were compared while 
worn simultaneously by 23 pre-school children (mean (SD) age: 4.3 (0.8) y) during 1 hour of 
free-play.  The estimates for time spent at different intensities (sedentary behaviour, LPA 
and MVPA) were compared between the different models and against the CARS (Puhl et al. 
1990) as the criterion method. 
 
The results suggest that there was a strong correlation in counts/s between models (r = 0.95, 
p < 0.01), with a mean difference (LOA) of 3.2 (0.16 to 6.22) counts/s.  During free-play the 
7164 recorded higher cpm than the GT1M which, although the models were positively 
correlated (r = 0.70, p < 0.01), resulted in a mean difference of 632 cpm with wide limits of 
agreement (LOA: -1103.7 to 2092.7).  When considering the impact that these differences 
had on time spent at different intensities, the GT1M recorded significantly less time in 
MVPA and more time in LPA in comparison with the 7164 accelerometer (Chapter 7, Table 
7.3 and Table 7.4).  Application of a correction factor to the GT1M data 
(7164 = GT1M/0.91) recommended by Corder et al. (2007) did not resolve the differences 
for time spent in MVPA.  However, applying the correction factor to the GT1M data would 
allow comparison with the output from the 7164 accelerometer for time spent in TPA.  This 
was appropriate for the Sirard et al. (2005), Puyau et al. (2002) and the Van Cauwenberghe 
et al. (2011) cut-points.  The results therefore suggest that a correction factor may be of use 
when comparing the GT1M data with the 7164 accelerometer for TPA.  
 
Given the recent support for the Evenson et al. (2008) cut-points for sedentary behaviour, the 
data were revisited to consider median time (IQR) spent in sedentary and TPA comparing 
the 7164 and the GT1M Actigraph accelerometers.  The results of the comparison between 
the outcomes are presented in Table 9.6. 
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Table 9.6: Comparison between 7164 and GT1M accelerometers for time spent in 
sedentary and total physical activity with the Evenson et al. (2008) cut-points applied.  
dm: mean difference; ev: Evenson et al. (2008); LOA: limits of agreement; Sed: Sedentary 
behaviour; TPA: Total physical activity. Values in bold not significantly different from 7164; 
* values significantly different from 7164 estimate. 
 
While there was no significant difference in the estimates of median time spent in total 
physical activity between the 7164 and the GT1M models, and the mean difference between 
measures was close to zero, there were, however, wide limits of agreement (-44.2 to 
45.8 min) which are of concern.  This is illustrated in a Bland and Altman plot presented in 
Figure 9.3.  The data points above the line are where the 7164 recorded higher number of 
minute of total physical activity and those below the line are where the GT1M recorded a 
higher number of minutes of total physical activity. 
 
 Median (IQR) min  
Intensity 7164 GT1M dm (LOA) 
Sed
ev
 7.8 (8.8) 7.3 (7.5)* -1.5 (-12.7 to 9.7) 
TPA
ev
  27.0 (44.8) 34.5 (14) 0.8 (-44.2 to 45.8) 
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Figure 9.3: Bland and Altman plot of minutes of total physical activity comparing 
7164 accelerometer with GT1M with the Evenson et al. (2008) cut-points applied. 
 
Ev: Evenson et al. (2008) cut-points applied; TPA: total physical activity. Solid lines depict 
mean difference in time and the dotted lines the limits of agreement (LOA) (mean difference 
(LOA): 0.8 (-44.to 45.8) min). 
 
 
In conclusion, this study also supports the findings of Chapter 6 that the Puyau et al. (2002) 
cut-points for the GT1M data have the ‘best’ agreement with the CARS criterion measure of 
direct observation.  However, if researchers are interested in the convergent validity of the 
GT1M with the 7164 accelerometer, the findings of this study suggest that applying a 
correction factor to the GT1M data (7164 = GT1M/0.91), as recommended by Corder et al. 
(2007), may be appropriate for acceptably accurate estimates of TPA.  Applying the 
correction factor may go some way to resolving the issue of the output from the GT1M 
having lower cpm than the 7164 model, which, in this study, resulted in the GT1M recording 
more time as LPA and less time in MVPA in comparison to the 7164 accelerometer.  These 
differences are largely dependent on the cut-point method applied.  A summary of the key 
findings for Chapter 7 are presented in Table 9.7. 
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Table 9.7: Summary of key findings from Chapter 7. 
Are different 
generations of 
Actigraph 
accelerometer 
comparable? 
(Chapter 7) 
 Different generations of Actigraph (GT1M and 7164) are not 
comparable for estimates of sedentary behaviour, light 
physical activity or MVPA. 
 GT1M records more time as sedentary and less time as 
MVPA in comparison to the 7164 accelerometer. 
 There is good agreement between 7164 output and GT1M 
output for total physical activity once a correction factor is 
applied to the GT1M data (7164 = GT1M/0.91). 
 Applying a correction factor may in part resolve the issue of 
the output from the GT1M having lower cpm than the 7164 
model.  
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9.6 WHAT IS THE RECOMMENDED WEAR TIME TO PROVIDE A RELIABLE 
ESTIMATE OF HABITUAL PHYSICAL ACTIVITY AND SEDENTARY 
BEHAVIOUR IN PRE-SCHOOL CHILDREN? 
The aim of the final empirical chapter of this thesis was to determine the number of hours 
and days of monitoring required to provide a reliable estimate of habitual physical activity of 
pre-school children. The study also investigated whether inclusion of a weekend day was 
necessary for reliable estimates of habitual physical activity.  Finally, the study aimed to 
investigate the influence that applying different criteria for non-wear time had on non 
eligibility rates from a sample and on estimates of total physical activity and sedentary 
behaviour.  Analysis was conducted on accelerometry data collected over a 7-day period 
from 112 participants (mean (SD) age: 3.7 (0.2) y).  Intra class correlation coefficients were 
calculated for a variety of numbers of hours (between 1 to 10 hours) and days (between 1 to 
7 days) of data captured.  Using the ICC single day values, a Spearman Brown Prophecy 
formula was used to predict the number of days needed to achieve an arbitrarily acceptable 
level of reliability of 0.7 (Hinkley et al. 2012b).  
 
The results suggest that for the total sample there were no differences in accelerometer cpm 
between weekend and weekdays; however, some gender differences were apparent, such as 
girls being more active at weekends than during weekdays.  During weekend days, children 
engaged in up to 1.2% more TPA than they did during weekdays.  However, the difference 
in TPA was non significant (p > 0.05) and it is questionable whether it would be biologically 
meaningful. 
 
Figure 8.4 (p 170) presented the wear time patterns of the young children and it was 
interesting to note that the wear time was similar for weekend and weekdays, with a similar 
gradient of curve for these days.  This could suggest that younger children have similar wear 
time patterns during weekend and weekdays.  This similarity in wear time pattern is in 
contrast to what has been observed in adolescents (Catellier et al. 2005), where the start 
times on the weekend days were much later, and the gradient of the slope of the graph for 
start times was more gradual, suggesting more variability of start time between participants. 
In the Catellier et al. (2005) study, 70% of sample participants were wearing their 
accelerometers by 12:00 noon on a weekend day, as opposed to 7.30 am for weekday.  For 
the current study, 70% were wearing accelerometers by 9:00 am on a weekday and 10:00 am 
on a weekend day.   
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It was found that the inclusion of a weekend day had minimal influence on the reliability 
coefficient values and therefore the inclusion of a weekend day was deemed unnecessary for 
reliable estimates of habitual physical activity in this sample.  While the ICC values were 
similar for all hours of data collection, 7 hours of data collection exhibited the highest ICC 
value (0.44) and using this wear time (7 hours), it was estimated that three days of data 
collection would achieve an ICC value of 0.70.  Descriptive analysis of non-wear time 
revealed that the application of different thresholds of non-wear time resulted in varying 
estimates of total time spent physically active and sedentary.  The influence that non-wear 
time criteria can have on apparent estimates of TPA and time spent in sedentary behaviour 
should be considered when comparing the outcomes of different studies. 
 
Applying different criteria for non-wear time did not have a substantial impact on the 
number of excluded participants for 6 hour and 8 hour days when 4 or fewer days of data 
were collected.  In these scenarios, only one or two participants were excluded when the 
different criteria for non-wear time were applied.  However, when 10 hour days of data are 
collected, application of non-wear time criteria could have a considerable impact.  For 
example, if data are collected over 3 days, applying the 10 minute non-wear time criterion 
(e.g. excluding 10 minutes of consecutive zeros in the data) would result in 35 participants 
being excluded from the final sample analysis, instead of 18 participants being excluded for 
a 60 minute non-wear time criterion (Chapter 8, Table 8.8).   
 
The exclusion of different periods of non-wear time also had an influence on the estimates of 
time spent at different intensities.  Excluding 10 minutes of non-wear time resulted in more 
time classified as TPA in comparison to when the 60 minute non-wear time criterion is 
applied.  The opposite effect occurs with sedentary behaviour (e.g. excluding 60 minutes of 
non-wear results in more time classified as sedentary in comparison to when the 10 minute 
non-wear time criteria is applied).  Currently only two studies, one by Esliger et al. (2005) 
and the other by Alhassan et al. (2008), have investigated the criteria for non-wear time in 
children and neither of these has been validated against a criterion method.  However, both 
studies are in agreement in proposing 20 minutes as the criterion for non-wear time. 
 
In conclusion, the results of the study presented in Chapter 8 suggest that there were no 
significant differences in daily average cpm between weekend and weekdays.  Although 
some gender differences were apparent, such as boys having higher cpm than girls during 
weekdays (p < 0.05) and girls having significantly higher cpm during weekend days in 
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comparison to weekdays (p = 0.03), there was no significant difference in percentage time 
per day spent in TPA between weekend and weekdays (p > 0.05).  The pattern of wear time 
of accelerometers was similar for weekend and weekdays.  One possible explanation for this 
is that younger children appear to be active for similar periods of time during weekend and 
weekdays and that this is different from what has been reported in studies of adolescents 
(Catellier et al. 2005).  The inclusion of a weekend day had minimal influence on reliability 
coefficient values and therefore the inclusion of a weekend day is not considered necessary 
to reliably characterise the physical activity behaviour of this age-group.  While the ICC 
values were similar for all hours of daily data collection, 7 hours of data collection had the 
highest single day ICC value (0.44) and it is estimated that 3 days of data collection would 
achieve an ICC value of 0.70.  Descriptive analysis of the influence of applying different 
criteria for non-wear time revealed that the application of different thresholds of non-wear 
time did result in different estimates of average daily time spent in TPA and in sedentary 
behaviour.  For example, using data from the same sample and excluding 10 minutes in 
comparison to excluding 60 minutes of consecutive zeros with a minimum of 10 hours of 
data collected would result in a mean difference (LOA) of 5.5 (-84.5 to 95.4) minutes in 
estimated TPA per day and mean difference (LOA) of 35.6 (-77.9 to 149.5) min/day being 
sedentary.  The influence that applying different criteria for non-wear time has on estimates 
of TPA and time spent being sedentary has to be considered when comparing the findings of 
studies that have adopted different non-wear time criteria. 
 
Table 9.8: Summary of key findings Chapter 8. 
What is the 
recommended wear time 
to reliably estimate 
habitual physical 
activity and sedentary 
behaviour in pre-school 
children? 
(Chapter 8) 
 Small non-significant difference between estimates of 
percentage time spent in total physical activity between 
weekend and weekdays. 
 Three days of data, for 7 hours per day, provide the 
minimum wear time criteria for a reliable estimate of 
habitual physical activity in pre-school children. 
 Inclusion of a weekend day in analysis is not necessary 
for a reliable estimate. 
 Different criteria for non-wear time had an impact on 
estimates of time spent in sedentary behaviour and total 
physical activity.  
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9.7 LIMITATIONS 
The limitations of accelerometers have already been considered in the literature review 
chapter and this section will therefore focus on the limitations identified within the process 
of undertaking the studies within this thesis.   
 
The first limitation to be considered is the small sample sizes used in the direct observation 
studies, in Chapters 4 to 6 (n = 31) and Chapter 7 (n = 23) which may influence the external 
validity of the findings and thus the generalisability from the sample observations to the 
wider population of pre-school aged children in Scotland.  In addition, studies included in 
this thesis opportunistically recruited volunteers, and as such did not use a random sampling 
method.  However, the mean values for height and weight were normally distributed and 
within the normal values expected for the pre-school population (ISD Scotland 2010).  With 
an a priori sample size calculation, based on a standard study power calculation for 
power = 0.80, α level 0.05, an estimated 26 participants were deemed necessary to detect an 
effect size of 0.50 (Puyau et al. 2002).  While the sample size in the Chapter 7 study was less 
than 26 (n = 23), preliminary analysis of 23 subjects revealed significant differences between 
models and therefore the study was felt to be sufficiently powered.  Finally, small 
convenience samples are the norm in calibration and validation studies (Reilly et al. 2003; 
Sirard et al. 2005; Van Cauwenberghe et al. 2011), particularly those that involve direct 
observation, as this is recognised as being a time-consuming method (Oliver et al. 2007b).  
 
One of the more recent developments in accelerometry technology is the improved memory 
storage capacity of current accelerometers, which means that it is now possible to collect 
data in 1-s epochs for extended periods of time.  It remains unclear whether shorter epochs 
would offer greater precision in measurement of physical activity in pre-school children.  A 
limitation of the current study is that the minimum epoch length used in the CARS criterion 
measure was at 15 s and therefore it was not possible to determine if shorter epochs would 
offer greater accuracy in measurement.  More recent studies by Kahan et al. (2013) have 
used have used the Observation System for Recording Physical Activity in Children- 
Pre-school version (OSRAC-P; (Brown et al. 2006), in which data were coded over shorter 
epochs of 5-s.  Although high inter-observer agreement of 90% and kappa means of 80%, 
suggesting substantial agreement, between physical activity level and the OSRAC-P 
observation system (Brown et al. 2006) are reported, this system does not involve continuous 
coding of the data.  Instead the OSRAC-P incorporates a 5-s observation interval, followed 
by a 25-s recording interval, which may limit this approach as a criterion method.  Other 
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recent studies have made use of second-by-second coding of either the CARS (Oliver et al. 
2009; Van Cauwenberghe et al. 2011), or an alternative direct observation scoring system 
(De Decker et al. 2013; Trost et al. 2012), both of which are loosely based on the CARS.  
Using a second-by-second approach to coding would offer an opportunity to use direct 
observation as a criterion at shorter epochs, against which cut-points could be validated.  
While this is promising for future studies which intend to use direct observation, the validity 
and reliability of these approaches has yet to be established, and the potential for observer 
error and the increased experimenter burden of second-by-second coding needs to be 
considered.  
 
A further limitation of the current study is that the CARS scoring system does not 
differentiate between sitting and standing activities and both these stationary activities are 
classified as being ‘sedentary’ behaviour (Puhl et al. 1990).  There is a growing argument 
that sitting and standing should be assessed separately, and in studies of adults the 
differences in energy expenditure between sitting and standing activities are argued to be 
important determinants of physical activity energy expenditure (Levine et al. 2008; 
Westerterp 2001).  In some studies of young children standing is classified as a LPA (Trost 
et al. 2012) and in other studies ‘light’ intensity activities include sitting activities, for 
example sitting and writing (Pate et al. 2008).  A recent consensus statement has argued that 
‘true’ sedentary behaviour should be defined as sitting or reclining activities, where the 
resting metabolic rate is typically ≤ 1.5 METs (Sedentary Behaviour Research Network 
2012; Tremblay et al. 2011).  
 
De Decker et al. (2013) reported on the use of an observation scoring system which 
differentiated between sitting and standing still behaviours.  These authors found that the 
ability to accurately differentiate between sitting and standing behaviours using the 
activPAL
TM
 (PAL Technologies, Glasgow, Scotland) and the Actigraph (GT1M) 
accelerometers was not conclusive.  Given the lack of consensus in the literature, they 
recommended that further research is needed to establish whether or not stationary standing 
is, indeed, a ‘sedentary’ behaviour (De Decker et al. 2013).  
 
The correct classification of sedentary behaviour has important implications for the 
classification of LPA.  Differentiation between sitting and standing activities by using low 
threshold cut-points to classify sedentary behaviour which only includes sitting behaviours 
may be warranted, particularly given the lower cpm recorded by the GT1M in comparison to 
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the 7164 accelerometer.  There has been debate in the literature that sedentary behaviour is 
not dichotomous with physical activity and that they should be considered as separate 
constructs (Pate et al. 2011).  Despite this, just as studies have been criticised for classifying 
all physical inactivity as ‘sedentary time’ (Sedentary Behaviour Research Network 2012), 
the low threshold for sedentary behaviour is being used to classify all ‘other’ behaviour 
above the threshold as part of ‘total’ physical activity.  
 
The ability to distinguish between different sedentary activities warrants further investigation 
and one potential strategy is to make use of accelerometers such as the activPAL
TM 
, which 
can record posture and activity (Davies et al. 2012a).  The activPAL
TM 
 has also been shown 
to produce similar estimates of physical activity and sedentary behaviour as the GT1M and 
GT3X Actigraph accelerometers on a group level in free-living data collected from pre-
school children (n = 23, mean (SD) age: 4.5 (0.7) y) over 7 days (Martin et al. 2011). The 
activPAL
TM
 has also been found to have acceptable validity for identifying different postures 
in pre-school children (n = 30, mean (range) age: 4.2 (3.1 - 4.9) y) observed over 1 hour, 
being able to distinguish between lying, sitting, standing and walking activities (Davies et al. 
2012a), as well as identifying the frequency of transitions between postures (Davies et al. 
2012b).  This is important, as evidence in adult studies suggests that the frequency of 
transitions between postures may have an influence on risk factors for cardiac disease (Healy 
et al. 2011; Tremblay et al. 2010).  
 
A final limitation of the CARS is that the use of direct observation methods as a criterion 
measure has been questioned (Adolph et al. 2012; Oliver et al. 2007b).  Adolph et al. (2012) 
argues that while direct observation is critical for identification of type of activity, this 
method lacks precision in quantifying intensity levels and thus energy expenditure.  
Moreover, Oliver et al. (2007b) argues that direct observation should be considered as a 
subjective method, as it relies on the observer to observe, interpret and code children’s 
physical activity behaviour.  Despite this, given the problems with interpreting energy 
expenditure in young children (see Chapter 1, p 2), observational methods offer a 
behavioural approach to calibration as an alternative.  In addition, this approach is argued to 
be valuable in studies of young children, particularly if there is an interest in ‘type’ or 
‘patterns’ of physical activity (Freedson et al. 2005).  It has been argued that knowing the 
‘type’ of activity that people are involved in is important as it may lead to more accurate 
estimates of energy expenditure where activity-specific predictions can be applied (Bassett et 
al. 2012).  
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Another limitation of the study is that the GT1M data were collected in 1-s epochs and then 
re-integrated into 5-, 15-, 30- and 60-s epochs.  A recent publication by Kim et al. (2013) 
examined the effect of reintegration of smaller epochs (1-s epochs) into larger epochs (15-, 
30-, and 60-s epochs) on activity counts and estimates of MVPA in accelerometry data 
collected from 31 pre-school children (3 to 5 y) over 1 school day.  The authors suggest that 
there was very little difference in the group means for overall counts between smaller epochs 
reintegrated, and the larger epochs.  One exception was with the estimates for MVPA using 
the Evenson et al. (2008) cut-points.  Significant group mean differences in estimates of 
MVPA were found when 1-s epochs, reintegrated to 15-s epochs, were compared with data 
collected in 15-s epochs.  However, the Cohen’s effect sizes (d) were small (ranging 
from -0.2 to 0.1).  While the effect sizes were small this could be a potential source of error 
when making comparisons between data collected in different epochs.   
 
In the current study the Bland and Altman method (Bland and Altman 1986) was used to 
evaluate bias and limits of agreement between the CARS criterion measure and the 
accelerometry estimates of time spent in different intensities over the data collection period.  
Some calibration studies have also made use of analysis using receiver operating 
characteristics (ROC) curve analysis to determine the sensitivity (true positive rate) and 
specificity (false positive rate) of the accelerometry output against the CARS (De Decker et 
al. 2013; Evenson et al. 2008; Kahan et al. 2013; Reilly et al. 2003).  This method was not 
adopted in the current study due to concerns with synchronisation of the GT1M output which 
was identified during the mechanical calibration processes (Appendix Table II.xi and 
Appendix Table II.xii p. 307).  During the mechanical calibration of the GT1M 
accelerometers, it was noted that the GT1M accelerometers were not accurately 
synchronising with the PC time, with up to 15 s discrepancy between that which was 
recorded on the GT1M and the PC time.  This became apparent as the mechanical 
oscillations were timed with the PC and in simultaneous calibration undertaken with the 
7164 and the RT3 models where no similar problems of synchronisation were encountered.  
As the CARS was coded using video data which was also synchronised with the PC time, 
this questions the accuracy of each 15-s period of accelerometer output synchronising with 
each 15-s period of video data output.  For this reason it was not appropriate to use the ROC 
analysis approach, as there may be errors in the synchronisation between the two 
measurements (accelerometry output and video data output), which would make 
classification accuracy doubtful. 
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9.8 SUGGESTIONS FOR FUTURE STUDIES 
In this section the areas for future study will be considered making reference to the advances 
in accelerometry technology that have arisen since publication of the chapters within this 
thesis. 
 
The current thesis predominantly made use of the GT1M Actigraph accelerometer model, 
which has been superseded by the production of the triaxial GT3X and GT3X+ Actigraph 
accelerometers.  Given that the GT3X and the GT3X+ are now available, it is likely that 
future studies may focus on the validity and reliability of these instruments to accurately 
quantify physical activity behaviour of pre-school children.   
 
Since 2010, the GT1M and GT3X have been able to provide output as raw acceleration data 
so that the data represents the G-force sampled every 0.033s in the pre-filtered raw mode.  
The bandwidth filter has been found to influence accelerometry measurements and during 
mechanical testing using an orbital shaker, a plateau effect has been observed at higher 
shaker frequencies and suppression of output has been seen during lower shaker frequencies 
(Chen et al. 2012; Rothney et al. 2008).  Using accelerometers in an unfiltered mode may be 
important for accurate detection of low and high intensity activity, where the filter can 
reduce sensitivity of measurement (Chen et al. 2012).   
 
Another recent development is the availability of a low frequency extension option for the 
GT1M and GT3X accelerometers to improve their sensitivity at lower frequencies. Early 
studies with adults suggest that this may improve comparability between the 7164 and the 
newer generations of Actigraph, however, this has to be investigated with different 
populations, including pre-school children (Ried-Larsen et al. 2012). 
 
With the availability of raw accelerometry data it has been argued that rather than reporting 
the ‘count’ output which, as discussed, varies between the models of accelerometer and 
trying to convert this to a biologically meaningful format, future accelerometers should 
provide data in standardised units such as gravitational constant (G, m∙s-2) or time-integrated 
units (m∙s-1).  This would allow for greater ease of comparison between accelerometry output 
between models.  The use of raw accelerometry data instead of activity counts had been 
proposed for incorporation within a consensus statement at the 2009 ‘Objective 
Measurement of Physical Activity: Best Practice and Future Directions’ conference (John 
and Freedson 2012).  One possible concern with using raw acceleration data is how to 
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manage the raw acceleration data and convert this into a meaningful format for the ‘end user’ 
be it researcher or policy-maker. 
 
Advances have, however, also been made in accelerometer data processing, with the 
development of more sophisticated approaches to data modelling analysis.  One approach is 
‘pattern recognition’, which makes use of raw acceleration data or 1-s epochs of data to 
identify types of behaviour (Bonomi et al. 2009; Pober et al. 2006; Staudenmayer et al. 2009; 
Zhang et al. 2003) and energy expenditure (Bonomi et al. 2009; Rothney et al. 2007; 
Staudenmayer et al. 2009; Zhang et al. 2004).  These pattern recognition approaches to 
processing accelerometry data have been argued to have better accuracy at estimating energy 
expenditure than other methods, such as single-regression or double-regression equations 
(Bassett et al. 2012).  Promising results have been found with Artificial Neural Network 
(ANN) a pattern recognition approach to data processing in a study of children (n = 58, mean 
(SD) age=11.0 (0.7) y) (de Vries et al. 2011).  The authors reported 76.8% accuracy of 
different activities from a hip worn triaxial accelerometer (GT3X) (de Vries et al. 2011). 
This area warrants further investigation in studies of pre-school children to determine if this 
will offer an accurate means of classifying physical activity behaviour.   
 
The latest monitor from Actigraph the GT3X+ has a greater storage capacity than the earlier 
models and is waterproof, which means that the child can continue to wear the accelerometer 
for water based activities.  It also incorporates a light sensor so that sleeping and awake 
times can be estimated. These factors could allow for 24 hour monitoring over extended 
periods of time.  The GT3X+ monitor collects data in a raw unfiltered mode and gives the 
researcher the ability to select one of 10 different sampling rates from 10 to 100 Hz (John 
and Freedson 2012).  Increasing the available options is useful for researchers, however, 
agreement on the optimal sampling rate to use will need to be determined.  In addition, while 
this is advancing the field of accelerometry, it also introduces more options for researchers 
for which decisions need to be made and agreed upon and the need for a consensus on 
protocols becomes even more imperative (Cain et al. 2013). 
 
Finally, there is recent debate about whether wrist worn accelerometers, instead of hip worn 
monitors may improve compliance (Routen et al. 2012), and account for energy expenditure 
from upper limb movements.  While the Actiwatch has been available for a number of years, 
the GT3X+ is now available as a wrist worn monitor.  The Actiwatch has been used 
successfully over extended periods of time with school-aged children (Nyberg et al. 2009), 
 216 
 
however, the output between wrist and hip worn accelerometers differs and is not 
comparable (Routen et al. 2012).  Research is therefore needed to calibrate wrist worn 
accelerometers such as the GT3X+ and to determine the feasibility of their use over extended 
periods of time with pre-school children. 
 
In the final study chapter, the application of different criteria for non-wear time on estimates 
of sedentary behaviour and total physical activity was highlighted.  What this study did not 
determine is which threshold for non-wear time is most accurate.  Given the premise that 
pre-school children are unlikely to be stationary for more than 10 minutes has not been 
established, future studies should investigate which non-wear time threshold is appropriate to 
use with these children.   
 
Advances in accelerometry technology to include the incorporation of contextual 
information on the location of activity by Global Positioning Systems are being developed 
and it is argued that this type of information integrated with information on the purpose of an 
activity will provide a useful adjunct to surveillance data (Matthews et al. 2012).  There is 
also an emergence of multiple sensor systems which provide the ability to simultaneously 
collect physiological variables such as body heat and heart-rate with accelerometry.  The 
additional benefits of these new advances in the measurement of physical activity are under 
investigation (Matthews et al. 2012). 
 
Despite the availability of the GT3X and GT3X+, several on-going, large scale longitudinal 
accelerometry studies are using and continue to use the 7164 and GT1M Actigraph 
accelerometers such as the Avon Longitudinal Study of Parents and Children (ALSPAC) 
(Riddoch et al. 2007), the Millennium Cohort Study in the UK (Basterfield et al. 2011) and 
the European Youth Heart Study (EYHS) in four European Countries: Estonia, Denmark, 
Portugal and Norway (Brage et al. 2004b; Moller et al. 2009; Riddoch et al. 2004).  
Establishing consensus on how these accelerometers are being utilised is therefore essential 
to allow for meaningful longitudinal analysis of physical activity and sedentary behaviour of 
populations.  Future studies will, of course, need to investigate the comparability between 
the GT3X and GT3X+ with the 7164 and GT1M, particularly if raw accelerometry data are 
to be used.  In addition, how this data will be translated into a format which gives insight 
into physical activity and sedentary behaviour in populations needs to be determined.  In 
deciding which measurement approach to adopt, researchers need to weigh up the relative 
merits of measurement accuracy through deploying high cost hardware and software, with 
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high participant burden (through use of multi sensor systems, for example), against the 
expediency of the lower-cost, lower participant burden but possibly less precise 
measurement accuracy associated with simpler methods (such as single sensor 
accelerometry) (Matthews et al. 2012; Trost et al. 2005). 
 
A summary of the limitations of the thesis are given in Table 9.9 and suggestions for future 
research are given in Table 9.10. 
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Table 9.9: Summary of limitations of thesis. 
Limitations 
 Small sample sizes in direct observation studies may limit the scope for generalisation. 
 Use of coding CARS at 15-s epochs. Unable to determine accuracy of epochs less than 15 s. 
 Limitations with the CARS classification of sedentary behaviour, in particular differentiating between sitting and standing activities. 
 Objectivity of direct observation systems to accurately estimate intensity level has been questioned. 
 Availability of GT3X & GT3X+ with new measurement possibilities becoming available. 
 Problems with synchronisation of GT1M accelerometers meant ROC analysis was not appropriate. 
 Possible concerns about comparability of data reintegrated from 1-s epochs with data collected in 15-s epochs. 
 Accurate identification of non-wear time and differentiating this from sedentary time has not been determined. 
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Table 9.10: Summary of suggestions for future research 
Future studies 
 Need for future studies to consider coding the CARS at shorter epochs e.g. 1s and 5s as the criterion method to determine if shorter epochs 
offer greater accuracy. 
 Need for validation of a direct observation scoring system which can differentiate between sitting and standing activities. 
 Future research needed to validate thresholds for the GT3X and GT3X+. 
 Investigate the use of low frequency extension for the GT1M and GT3X to improve comparability between generations of Actigraph 
monitors during free-living activities. 
 Validation studies of the raw unfiltered accelerometry data against criterion measures of physical activity are needed. 
 Further research is needed to identify sitting and standing activities, transition activities through use of accelerometers which incorporate an 
inclinometer such as the activPAL
TM
 or data processing using modelling techniques such as Artificial Neural Network to improve accuracy 
of measurement of physical activity and sedentary behaviour of pre-school children. 
 Studies to determine the ‘optimal’ non-wear time criteria for pre-school children are necessary. 
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9.9 RECOMMENDATIONS FOR FUTURE PRACTICE 
The findings of this thesis contribute to the existing knowledge relating to standardisation 
protocols for accelerometry use in free-living habitual physical activity of pre-school 
children.  The recommendations arising from this research suggest that researchers should 
use short epochs of at least 15 s, as the current research suggests these offer a more accurate 
means of measuring physical activity intensity in pre-school children.  Using 60-s epochs 
appears to underestimate true levels of MVPA.  While researchers may want to consider 
using epochs which are shorter than 15 seconds (e.g. 1- and 5-s epochs), they should be used 
with cut-points which have been validated for shorter epochs.  To date the shortest epochs 
used to validate cut-points have been at 15 s.  Policy-makers and researchers need to be 
aware of the implications of studies that have made use of different epochs, as this may have 
an impact on the estimates of physical activity, and influence comparability between studies. 
 
For research purposes, the evidence in this thesis suggests that uniaxial accelerometers are 
sufficiently accurate in quantifying physical activity behaviour in pre-school children.  If 
researchers are using the GT3X and GT3X+, they appear to be comparable with the GT1M if 
used on a uniaxial setting (Kaminsky and Ozemek 2012; Robusto and Trost 2012; Vanhelst 
et al. 2012).  This means that the cut-points validated for the GT1M could be used with the 
GT3X and GT3X+ in a uniaxial mode as these monitors have the same internal technology, 
same specifications including the band-pass filter, analogue-to-digital converter (John and 
Freedson 2012) and have been found to respond similarly in free-living settings (Kaminsky 
and Ozemek 2012; Ried-Larsen et al. 2012; Vanhelst et al. 2012).  If researchers intend to 
use triaxial accelerometers in their vector magnitude mode, model-specific cut-points should 
be used, noting that validated cut-points are not yet available for the GT3X and GT3X+.  If 
researchers and policy-makers are interested in estimates of time spent in different intensities 
then the Puyau et al. (2002) cut-points provide the most accurate estimates at a group level 
for MVPA.  However, while the Puyau et al. (2002) cut-points were accurate for sedentary 
and LPA as well as TPA, it is possible that these overestimate time spent in sedentary 
behaviour (and subsequently underestimate LPA).  The current cut-points were calibrated 
against the CARS which includes both stationary standing and sitting behaviours within the 
‘sedentary’ category. 
 
Researchers should also be aware that the output from the GT1M and the 7164 are not 
comparable and these monitors cannot be assumed to provide the same estimates of time 
spent at different intensities.  This means that the cut-points validated for the 7164 are not 
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necessarily valid for the GT1M and ideally cut-points should be validated for the GT1M 
accelerometer.  Application of a correction factor did not resolve this issue for estimates of 
MVPA, but may potentially allow for comparison of TPA between studies if the correction 
factor suggested by Corder et al. (2007) (7164 = GT1M/0.91) is applied to the GT1M data.  
While the availability of low frequency extension for the GT1M accelerometer may improve 
comparability with the 7164 accelerometer, this has not been verified for free-living with 
pre-school children.  Researchers and policy-makers should interpret the output from studies 
which have used the different models of accelerometer, or use different models within the 
same study cautiously. This has important implications, particularly for accuracy of physical 
activity monitoring within large scale longitudinal studies. 
 
When conducting physical activity research, researchers commonly encounter problems with 
compliance of subjects with their data collection protocols. As a result researchers have to 
make a series of decisions around what constitutes the minimum ‘wear time’ for inclusion of 
a subject’s data within their analysis.  These decisions are as follows: i) how many hours 
constitute a ‘valid’ day, ii) how may days of data collection are necessary to provide a 
reliable estimate of typical habitual physical activity of the population, iii) what definitions 
of non-wear time are applied and how this ‘missing’ data is dealt with.  Researchers and 
policy makers need to be aware that the wear time decisions can affect the study sample size 
and estimates of physical activity and sedentary behaviour (Mâsse et al. 2005).  This can 
mean that the outcomes of different studies are not necessarily comparable if different 
decisions were made; this has implications for longitudinal surveillance of physical activity 
and sedentary behaviour within populations.   
 
Results suggest that, for the sample of pre-school children analysed in this thesis, 7 hours of 
data collection constitute a ‘valid’ day.  Three days of data collection for 7 hours per day 
provide adequate reliability of data (r = 0.70).  Inclusion of a weekend day was found not to 
be necessary for a reliable estimate of habitual activity in pre-school children.  This means 
that subjects’ data were included in the final analysis even if they did not include a weekend 
day.  This decision influences the sample size as, out of 104 subjects with 7 hours of data for 
3 days, only 80 subjects had one weekend day of data.  Excluding participants without a 
weekend day would mean that the sample was reduced by 29% from the original sample size 
(n = 112).  Researchers and policy makers should be aware that more stringent criteria for 
wear time may have implications for sample sizes included and on subsequent estimates of 
physical activity. 
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The criteria for non-wear time should be consistent across studies and current evidence from 
the literature suggests that 20 minutes of consecutive zeros should be adopted (Alhassan et 
al. 2008; Esliger et al. 2005).  Researchers and policy-makers need to be aware that the 
exclusion of different periods of non-wear time also influences sample size as well as 
inflating or deflating estimates of MVPA and sedentary behaviour.  A summary of the 
recommendations are presented in Table 9.11. 
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Table 9.11: Recommendations arising from thesis for researchers and policy-makers. 
Recommendations 
1. Epoch: 15-s epochs should be used until further evidence establishes whether shorter 
epochs are more accurate. 
2. Uniaxial or triaxial: Uniaxial accelerometers are sufficiently accurate for 
measurement of PA and sedentary behaviour with pre-school children. 
3. Cut-points: Puyau et al. (2002) cut-points provided the ‘best’ agreement with CARS 
criterion measure and should be adopted if researchers/policy-makers are interested in 
the patterns and types of PA. 
4. Different generations of accelerometer: Output from the 7164 and GT1M are not 
comparable and the cut-points from the 7164 are not necessarily validated for use 
with the GT1M.  Application of a correction factor to the GT1M data (GT1M/0.91) 
may allow for comparison of total physical activity between different generations of 
models. 
5. Wear time: Three days of 7 hours of data collection are needed to reliably estimate 
total physical activity. 
6. Inclusion of weekend day: The inclusion of a weekend day in the analysis is not 
necessary for reliable estimates of habitual physical activity. 
7. Non-wear time: Criteria for non-wear time of 20 minutes should be adopted until 
further evidence establishes the best criteria to use with pre-school children. 
8. Researchers and policy-makers need to be aware of the influence that decisions 
relating to points 1 to 7 above will have on output and carefully examine the 
approaches adopted in studies. 
9. Researchers need to be explicit in their dissemination of findings about the 
methodological decision related to points 1 to 7.  
10. Where possible, consistency within longitudinal studies should be adopted, such as 
use of the same epochs, same cut-points. 
11. The research community needs to move towards establishing standardised protocols 
for data collection and processing.   
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 : CONCLUSIONS CHAPTER 10
The ability to accurately measure free-living physical activity and sedentary behaviour is 
crucial for any investigation in which physical activity is observed or is an intervention or 
exposure variable of interest (Strath et al. 2012).  Accelerometers are one means of 
objectively measuring physical activity and sedentary behaviour. Accelerometers can 
characterise the intensity, duration and frequency of physical activity and sedentary 
behaviour and can be used across large populations in a reasonably cost-effective, 
non-invasive way with low participant or researcher burden involved.  They are therefore 
ideal for assessment of physical activity and sedentary behaviour in population-wide studies 
and allow for the collection of essential statistics for public health planning and intervention 
(Strath et al. 2012).  However, several outstanding questions around the use of 
accelerometers with pre-school children exist (Cliff et al. 2009b).  This thesis has made 
progress in addressing six key methodological questions: are shorter epochs more accurate 
for use with young children (Chapter 3)?  Which epochs are most accurate for use with pre-
school children (Chapter 4)?  Are there advantages of using triaxial over uniaxial 
accelerometers for pre-school children (Chapter 5)?  Which cut-points are most accurate for 
use with pre-school children (Chapter 6)?  Are different generations of Actigraph 
accelerometers comparable (Chapter 7)?  What is the recommended wear time to provide a 
reliable estimate of habitual physical activity and sedentary behaviour in pre-school children 
(Chapter 8)?  
 
Recommendations based on the results of the individual studies have been made for 
researchers and for policy-makers.  Fundamental to the recommendations however, is the 
need for researchers to clearly document their approaches to data collection and processing 
so that the influence of the decisions they have made can be considered by the reader. 
Ideally, the research community needs to move towards a consensus around measurement to 
allow for standardisation across studies, in particular around which cut-points to apply.  It is 
only by adopting standardised approaches to accelerometry assessment that comparison 
between outcomes of studies will be meaningful.  Despite this, accelerometers offer the 
opportunity to objectively gather data on physical activity and sedentary behaviour.  This 
method is important for surveillance of physical activity and sedentary behaviours in 
populations over time, and has added to the knowledge and understanding of the associations 
of physical activity and sedentary behaviour with health, which was not previously available 
through self-report methods. 
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Finally, consensus over what behaviours contribute to ‘light’ intensity physical activity is 
particularly important for pre-school children given the recommendations for health which 
relate to total physical activity for which LPA and MVPA are combined (Australian 
Government, Department of Health and Ageing 2009; Canadian Society of Exercise 
Physiology 2012; Department of Health, Physical Activity, Health Improvement and 
Protection 2011). Earlier debate in the literature regarding reaching agreement on what 
MVPA is (Guinhouya et al. 2006; Guinhouya and Hubert 2008) should now be focusing on 
what light intensity physical activity constitutes in young children, as this provides the 
threshold used to determine total physical activity.  Until this is resolved, inconsistencies in 
apparent outcomes from assessment of total physical activity in populations of pre-school 
children will continue.  
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APPENDIX I: Summary of studies of physical activity and sedentary behaviour of preschool children  
Appendix Table I.i: Summary of studies into preschool children’s physical activity and sedentary behaviour 
Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Accelerometer 
(Actigraph) 
       
Alhassan et al. 
(2007) 
USA 2 days at baseline (week 
day only) 
 
32, 
12 girls, 20 boys 
3.6 (0.5) y  
CON: control (n=17) 
RECESS: intervention 
(n=15) 
Percentage time in:  
Sed: CON: 93.9 (3.0)%, RECESS: 94.9 (1.9)%  
LPA: CON:4.1 (1.7)%, RECESS: 3.7 (1.3)% 
MVPA: CON: 2.0 (1.6)%, RECESS 1.4 (0.9)% 
No No NA 
Beets et al. 
(2011a) 
USA Data collected over 2 
weeks; (inclusion ≥ 1 day) 
379, 
52.3% girls, 47.7% boys;  
3 - 5 y 
MVPA: ranged from: 39.5 (22.5) min/day
 
to 
269.0 (70.8) min/day 
TPA:127.3(47.5) min/day to 402.5 (83.6) 
min/day 
No difference between weekend & week 
Unclear –
depends on 
data 
processing 
Unclear –
depends on 
data 
processing 
NA 
Burdette et al. 
(2004) 
USA 3 days 
 
250, 
107 girls, 143 boys, 
3.7 y 
Mean outdoor play: 146 min/day  NA NA NA 
Bürgi et al. 
(2010) 
Switzerland 3 days (including 2 week, 
1 weekend day) 
≥ 6 h 
Compared German 
speaking (GS) & French 
speaking (FS) children 
 
524 
278 girls, 278 boys, 
5.1 (0.60) y 
MVPA: GS: 400 (110); FS: 361 (101) number of 
15-s intervals/day (p < 0.001) 
TPA: GS: 771(169); FS: 684(151) number of 15s 
intervals/day (p < 0.001) 
Sed: GS 1276 (216); FS: 1400 (253) number of 
15-s intervals/day (p < 0.001) 
TV time: GS: 45 (43); FS: 67 (50) min/day (p = 
0.001) 
NA NA No: FS > 60 
min/day 
but < 120 
min/day 
 
Yes GS 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Cardon and 
Bourdeaudhij 
(2008) 
Belgium 4 days (including 2 week 
days, 2 weekend days) 
Mean monitoring time 
11.8 (1.5) h/day 
76,  
39 girls, 37 boys, 
4 - 5 y 
Sed: 85% of time, 598 (78) min/day 
MVPA: 5% time, 34 (27) min/day
 
7% achieved ≥ 60 min/day of MVPA 
26% achieved ≥ 120 min/day of total activity 
No difference between 4 y olds & 5y olds activity 
Higher counts on weekend & more sedentary on 
week(p < 0.01) 
No gender differences for total activity, boys 
spent more time in MPA (p < 0.01) 
No NA NA 
Cliff et al. 
(2009a) 
Australia ≥ 3 days 
≥ 6 h 
46, 
21 girls, 25 boys 
4.3 (0.7) y 
MVPA: 23 min/day   
No difference between girls & boys in MVPA 
Object control skills were positively associated 
with PA in boys 
Locomotor skills were negatively associated with 
PA in girls 
No No NA 
Cliff et al. 
(2011) 
Australia ≥ 4 days  
≥10 h/day  
Screen behaviour- parental 
report 
Movement skills 
proficiency 
RCT – subjects assigned to 
a physical activity group 
(PA)or diet group (D) or 
PA & diet group (PAD) 
137 at baseline 
5.5 - 9 y 
 
Obese or Overweight 
children.  
  
MVPA: 194 min/day  
ST: 171 min/day  
MVPA: PA group: 23.8(6.9)%, Diet: 24.7(8.0)%; 
Activity & diet: 28.1(6.8)% 
TV or DVD viewing: PA: 885 min/week 
Diet:1000 min/week; 960 min/week (~126.4 -  
142.9 min/day ) 
Yes NA No≥ 60 min/day  
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Eijkemans et al. 
(2008) 
Netherlands ≥ 3 days (including 1 
weekend day) 
≥ 400 min/day  
305, 
153 girls, 152 boys, 
4 - 5y  
Girls: 606 cpm, VPA: 5.7 min/day, MVPA: 2.6 
episodes ≥ 1min 
Boys: 650 cpm, VPA:5.4 min/day, MVPA 2.6 
episodes ≥ 1min 
Underweight: (n = 35) 609 cpm, VPA: 4.8 
min/day, MVPA: 2.8 episodes ≥ 1min 
Normal weight: (n = 242): 629 cpm, VPA: 5.7 
min/day, MVPA: 2.8 episodes ≥ 1min 
Overweight (n = 22): 655cpm, VPA: 5.7 min/day, 
MVPA: 3.0 episodes ≥ 1min 
Obese (n = 6): 576cpm, VPA: 3.6 min/day, 
MVPA: 1.2 episodes ≥ 1min 
Difference obese & normal weight in VPA (p < 
0.05) & difference in episodes MVPA 
NA NA NA 
Fisher et al. 
(2005a) 
 
 
Scotland 6 days 394,  
185 girls, 209 boys,  
3 & 5 y,  
4.2 (0.5) y 
Sed: 76.3%, LPA:20.3%; MVPA: 3.4% of total 
time; 769 (192) cpm 
TPA & MVPA significantly higher in boys (p < 
0.001) 
Sed significantly lower in boys (p < 0.001) 
No NA NA 
Fisher et al. 
(2005b) 
 
 
Scotland Younger children  
3 day (including 2 week 
days & 1 weekend day).  
≥ 6 h 
Older children  
7 consecutive day.  
≥ 6 h 
209,  
108 girls,101 boys, 
3 - 5 y, 
 4.8 y 
 
TPA, MVPA & LPA significantly lower in 
spring than summer 
Sed significantly higher in spring than summer.  
Differences small so possibly not biologically 
meaningful. 
Spring: Sed: 79.5%, LPA:17.0%; MVPA:2.7%  
Summer: Sed: 74.2%; LPA: 21.7%; MVPA:3.8% 
Fall: Sed: 76.1%; LPA:20.1%; MVPA:4.1% 
Winter: Sed: 76.6%; LPA: 19.5%; MVPA:2.1% 
No NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Gabel et al. 
(2011) 
Canada ≥ 5 h on ≥ 4 day (including 
1 weekend day) 
Mean wear time, baseline: 
10.6 (0.9) h; follow up: 
11.6 (0.9) 
17, 
4.4 (0.8)y 
 
Baseline: TPA: 34.4 (4.7)%; MVPA: 11.8 
(1.7)%; LPA: 22.6 (3.2)% 
Follow up: TPA: 36.8 (5.2)%; MVPA: 13.5 
(2.9)%; LPA: 23.3 (3.0)% 
Yes Yes NA 
Heelan & 
Eisenmann 
(2006) 
 
 
USA ≥ 4 day (including 1 
weekend day)  
≥ 480 mins (8 h).  
100, 
52 girls, 48 boys 
4 - 7 y 
MPA:241.5 (48.8) min/day; VPA:32.3 (17.1) 
min/day; MVPA:273.8 (59.1) min/day. 
No significant differences between gender 
Yes Yes NA 
Hinkley et al. 
(2012c) 
 
 
Australia 
 
≥ 3 day (including 1 
weekend day) (mean = 6.9 
day). 
≥ 50% of usual wake time 
on each day (mean: 647.5 
min/day). 
703, 
315 girls, 388 boys  
4.5 y 
LPA:11.7(2.4)%; MPA:3.4(1.9)%; VPA 1.4 
(0.9)%; Total activity:16.4(4.2)%.  
5.1% meet recommendation of ≥ 3h/day of total 
physical activity 
58.9% meet recommendation of ≤ 2 h/day of 
screen time 
ST:112.5(73.2) min/day 
Boys spent significantly more time in LPA, MPA 
& in total activity than girls (p < 0.001) 
No No Yes ≤ 120 
min/day 
Hinkley et al. 
(2012a) 
Australia  ≥ 4 day (including ≥ 3 
week day & 1 weekend 
day) 
939, 
45% girls, 55% boys, 
4.5 y  
 
Boys higher percentage of daily time in TPA than 
girls across entire week, week & weekend day (p 
< 0.001). 
Boys & girls spent greater mean percentage time 
in activity on weekend than week. Boys (p < 
0.001) girls (p = 0.004). 
TPA declined with age for both girls & boys. 
NA NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Hume et al. 
(2012) 
Australia ≥ 4 day (including ≥ 1 
weekend day) 
Valid day10 - 14 h of wear 
time 
373,  
206 girls, 167 boys, 
5 - 12 y 
Girls 9.6 (2.0) y; 
Boys 9.2(2.1) y. 
Girls MVPA: 156.4 (62.9) min/day 
Boys MVPA:195.0(68.7) min/day;  
 (p < 0.001) 
ST: boys: 160.0 (97.1); girls:141.9 (83.7) 
boys: 89.2% MVPA≥ 60 min/day 
girls: 79.6% MVPA ≥ 60 min/day 
boys: 37.7% ST ≤120 min/day 
girls: 47.1% ST ≤120 min/day  
Yes NA No ≥ min/day 
Jackson et al. 
(2003) 
Scotland ≥ 3 day (including 1 
weekend day) 
Follow up at 1 year 
Baseline: 104, 
52 girls, 52 boys , 
3 y  
Follow up: 60, 
30 girls, 30 boys at  
4 y 
Baseline: 669 (165) cpm 
Follow up: 849 (252) cpm  
Activity increased over 1 year (p < 0.001) 
Boys more active than girls (p < 0.001) 
 
NA NA NA 
Janz et al. 
(2001) 
USA ≥ 4 day (including 1 
weekend day) 
368,  
189 girls, 179 boys,  
4 - 6 y 
Boys more TPA & VPA than girls (p < 0.05) NA NA NA 
Janz et al. 
(2002) 
USA ≥ 4 day (including 1 
weekend day) 
434, 
231 girls, 203 boys, 
 4 - 6 y 
Boys MVPA:277.1 (50.8) min/day 
Girls MVPA: 263.0(48.2) min/day 
Boys more MVPA & TPA than girls (p < 0.001) 
Yes Yes NA 
Janz et al. 
(2004) 
USA ≥ 4 day, (including 1 
weekend day) 
Valid day ≥ 8 h/day for 3 
day 
 
436,  
232 girls, 204 boys;  
4 - 7 y 
Boys 244 (43), 267 (44), 38 (19) min/day in Sed, 
MPA & LPA respectively 
Girls 251(48), 262 (44), 28(14) min/day
 
in Sed, 
MPA & LPA respectively 
Boys more active than girls (p < 0.05) 
Yes  Yes NA 
Janz et al. 
(2010) 
USA ≥ 4 day, (including 1 
weekend day) for 5 & 8 y 
olds 
≥ 8 h/day for ≥ 3 day  
 
333,  
185 girls, 148 boys,  
5, 8 & 11 y olds 
5 y olds:  
Girls MVPA: 24.2 (13.4) min/day
 
Boys MVPA: 31.1 (16.3) min/day
 
Boys more active than girls (p < 0.05) 
No NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Kelly et al. 
(2005) 
Scotland 7 day for ≥ 6 h 
 
41,  
21 girls, 20 boys,  
4.3 - 6 y 
TPA: 726 cpm; Sed: 78%, LPA:19%; 
MVPA:3%; boys had significantly higher total 
activity than girls (p = 0.0015); more time in 
MVPA & less time in Sed 
No NA NA 
Kelly et al. 
(2006) 
Scotland Study 1 
6 day ≥ 6 h 
Study 2 
7 day ≥ 6 h 
Study 1: 339, 
 4.2 (0.3) y 
Study 2: 78  
5.6 (0.4) y 
Study 1 & 2:  
MVPA: 3% of time 
Sed: 77% & 78% of time 
 
No NA NA 
Kelly et al. 
(2007) 
Scotland Longitudinal study 24 
month follow-up 
3 day (including 1 
weekend day); 5 day 
follow up 
≥ 6 h (median = 10.2 h) 
42, 
21 girls, 21 boys 
 3 - 5 y 
Baseline: 3.8 (0.5) y 
Follow-up: 5.5 (0.4) y 
Baseline: Sed:80.5%; MVPA: 2.2% 
Follow-up: Sed:74.1%; MVPA:4.1% 
No NA NA 
Martinez-
Gomez et al. 
(2009) 
Spain ≥ 3 week day (including 1 
weekend day) 
 
110,  
56 boys, 54 girls,  
3 - 8 y 
97% Caucasian 
MVPA: 215 min/day 
No significant difference in MVPA between boys 
& girls 
Yes Yes NA 
Metallinos-
Katsaras(2007) 
USA 7 d (mean; 6.6 day),  
 
56, 
 2 - 5 y 
 
38% overweight or at 
risk of overweight 
LPA:416.2 (75.9) min/day (60.8%); 
MPA:243.7(50.1) min/day (35.3%); VPA:24.5 
(13.9) min/day; VVPA 3.9(3.4) min/day (4.0% in 
VPA or VVPA); TPA: 272.2 (60.1) min/day 
Boys more active than girls (p < 0.05) higher 
daily vigorous activity (p < 0.05) 
Yes Yes NA 
Metcalf et al. 
(2002) 
England 7 consecutive day  82,  
45 girls, 37 boys,  
4.8 y 
Less TPA on school day than on weekends (p = 
0.0006) 
Boys were more active than girls (p = 0.04) 
NA NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Montgomery et 
al. (2004) 
Scotland Accelerometry & DLW 
≥ 3 day for preschool age 
(n = 36) 
7 - 10 day for first school 
year (n = 78) 
5 - 10 h/day 
104 
52 girls, 52 boys, 
5.3 y 
TPA boys: 848; girls 719 counts/min 
Sed: boys: 73%; girls:79% of total time 
LPA: boys: 23%; girls: 18% of total time 
MVPA: boys: 4%; girls: 3% of total time 
Boys more total counts (p < 0.001) less Sed (p < 
0.0002); more LPA (p < 0.001); more MVPA (p 
< 0.0068) 
Boys had significantly higher TEE (p < 0.0003), 
AEE (p < 0.0002) & PAL (p < 0.0001) 
No NA NA 
Obeid et al. 
(2011) 
Canada Accelerometry 
7 day 
30 
3 - 5 y 
TPA: 219.7 (31.9) min/day 
MVPA 75 min/day 
Yes Yes NA 
O’Dwyer et al. 
(2011) 
England Accelerometry  
7 day 
50, 
23 girls, 27 boys 
4.4 (0.5)y 
 
Overweight (OW) (n = 
17) 
Non overweight (NOW) 
(n = 32) 
MVPA: boys OW week: 38.6(9.1) min/day; 
weekend: 34.0 (11.9) min/day; NOW week: 45.2 
(20.3) min/day; weekend: 38.0 (10.4) min/day 
MVPA: girls o OW t week: 38.0 (10.5) min/day; 
weekend: 28.9 (9.5) min/day; NOW week: 43.3 
(17.0) min/day; weekend: 42.4 (26.4) min/day. 
Sed: boys OW week: 652.6(168.6) min/day, 
weekend: 863.7(164.4) min/day; NOW week: 
751.3(146.7) min/day; weekend: 684.0(198.1) 
min/day.  
Sed: girls OW week: 668.0(150.8) min/day; 
weekend: 673.0(200.4) min/day; NOW week: 
672.4(117.4) min/day; weekend: 757.0 (203.0) 
min/day. 
% > 60 min MVPA per day: boys OW: 0%; boys 
NOW: week: 25%; weekend: 20%; girls: OW: 
0%; NOW week: 15% weekend: 20%  
No NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Pfeiffer et al. 
(2009) 
USA 8 - 10 day (including 1 
weekend day) 
Up to 5 week day & 2 
weekend day used for 
analysis 
Days < 5 h & >18 h 
excluded. 
< 3 day of data excluded 
331, 
163 girls, 168 boys;  
3 - 5 y 
4.3 (0.6) y 
Sed: 7.6(2.1) min/h, Non Sed (LPA+ MPA+ 
VPA): 27.2 (3.9) min/h 
NA NA NA 
Quigg et al. 
(2010) 
New 
Zealand 
6 day 
 
176, 
94 girls, 82 boys, 
5 - 10 y 
7.6 y 
Mean total daily activity counts 
Girls: 381937 (363 007); boys: 381937 (363 007) 
2% of children’s weekly activity was located in a 
city park with a playground 
NA NA NA 
Reilly et al. 
(2004) 
Scotland 2 - 3 day at 3 yr;  
7 day at 5 yr 
 
150, 
73 girls, 77 boys, 
 3 & 5 y 
3 y Sed: 79% MVPA: 2%  
5 y Sed: 76%; MVPA 4% 
No NA NA 
Reilly et al. 
(2006b) 
Scotland 6 day 545,  
272 girls, 273 boys,  
4.2 (0.2) y 
At baseline: 
Control group (n = 277) Sed: 66.9% MVPA: 
3.0% time 
Intervention group (n = 268) Sed: 69.3%, MVPA: 
2.6% time 
No NA NA 
Sarzynski et al. 
(2010) 
USA ≥ 4 day 
≥ 8 h 
 
132, 
64 girls, 68 boys 
3 - 12 y 
7.1 (1.9) y 
MVPA: 63.1 (30.9) min/day
 
MVPA girls: 55.0 (28.4); boys: 70.8 (31.4)  
No significant difference between time in MVPA 
between genders 
Yes NA NA 
Spittaels et al. 
(2012) 
Belgium 6 day (including 2 
weekend day) 
207 
93 girls, 114 boys  
4.5 (0.8) y 
Sed: 51(7)% of time; LPA: 41 (5)% of time; 
MVPA: 8 (3)% of time; TPA: 566 (133) cpm 
 
No Unclear NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Telford et al. 
(2005) 
Australia 4 day (including 1 
weekend day) 
days < 10,000 counts 
excluded 
VPA > 6 h excluded 
(Accelerometry & CLASS 
questionnaire) 
237,  
49% girls, 51% boys, 
5 - 6 y 
 
887  
46% girls, 54% boys, 
10 - 12 y 
Boys: (5 - 6y): Sed:284 (109.1); LPA:254(38.0); 
MPA:226.6 (51.5); VPA:43.4 (18.9) min/day 
Girls: (5 - 6y) Sed:297(102.6); LPA:254.5(38); 
MPA:214.1 (43.6); VPA:32.8(13.7) min/day 
Younger children (5 - 6y) 52% of time Sed 
Significant gender differences in MPA (p < 
0.05);  
99% of children ≥ 60 min/day in MVPA 
Yes Yes NA 
Trost et al. 
(2003) 
USA 1 - 11 day  
(DO for 1 h on 3 day) 
245, 
127 girls, 118 boys, 
3 - 5 y 
MVPA: non-overweight girls: 41.6 (12.5)% of 
time & non-overweight boys: 47.6 (12.7)% of 
time 
MVPA: overweight girls:42.2 (12.8)% of time & 
overweight boys: 39.0 (12.5)% of time. 
Yes possibly NA NA 
Vale et al. 
(2010) 
Portugal ≥ 4 day (including 1 
weekend day)  
≥ 10 h valid day 
245,  
105 girls, 140 boys, 
 3.5 - 6.0 y 
TPA: week:143.8 (43.3) min/day; weekend: 
123.9 (41.8) min/day; MVPA: week: 102.3 (31.2) 
min/day; weekend: (33.7) min/day 
Boys significantly more activity (p < 0.05). 
Significantly more time active & in MVPA at 
weekend. TPA:17.1% weekend,16.1% week 
MVPA: 12.1% weekend, 11.5% week 
Yes No NA 
Van 
Cauwenberghe 
et al. (2012) 
Australia ≥ 4 day (including 3 week 
day & 1 weekend day) 
703, 
316 girls, 387 boys, 
4.6 (0.7) y 
Sed: girls week: 309 (70) min/day, boys: 306 (77) 
min/day 
girls: weekend: 300 (78) min/day , boys: 293 (23) 
min/day 
MVPA: girls week: 27 (17) min/day, boys: 32 
(21) min/day
 
; girls weekend: 30 (21) min/day; 
boys: 36 (25) min/day 
 
No NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Verbestel et al. 
(2011) 
Belgium ≥  3day (including 1 
weekend day) 
 
213, 
48% girls, 52% boys, 
4.98 (0.88) y 
 
TPA: 586.42 (147.36) cpm 
Girls: 569.91 (120.16) cpm; boys: 603.39 
(166.75) cpm 
 (p = 0.094) 
Week: 597.26 (149.27) cpm; weekend: 579.92 
(216.16) cpm (p = 0.10) 
NA NA NA 
Wen et al. 
(2010) 
Australia ≥ 4 day ≥ 8h 
 
31, 
12 girls, 19 boys 
3 - 5 y 
3.5y 
MVPA: 34 (17.0) min/day; Sed: 630 (124) 
min/day 
ST (parental report): 69 min/day 
No NA No>60 min/day 
Wilkin et al. 
(2006) 
England ≥ 5 day (including 4 week 
day & 1 weekend day) 
1 min epoch 
272, 
120 girls, 152 boys, 
4.9 y 
 
247, 
114 girls, 133 boys, 
5.9 y 
 
TPA: 4.9y: 37.5 (7.7); 5.9 y: 37.4 (7.7) (units x 
10
5
 /w)  
High intensity: 4.9 y: 12.2 (5.5); 5.9 y: 12.7 (6.1) 
No change in PA year to year 
Girls less active than boys at 4.9 y (p < 0.001) & 
5.9 y (p < 0.02), girls less high intensity than 
boys at 4.9 y (p < 0.001) & 5.9y (p < 0.01) 
TV viewing in young children did not impact on 
PA 
NA NA NA 
Williams et al. 
(2008) 
USA 7164 
≥ 3 day - 7 day  
Up to 5 week day & 2 
weekend day 
<5 h or >18 h excluded 
(mean time 12.7 (1.6) h) 
198, 
49.5 % girls, 50.5% 
boys, 
3 - 4 y 
 
Sed: 54.8 (6.3); LPA: 32.6 (4.3); MVPA: 12.6 
(3.6); VPA: 4.5 (1.0) % of time. 
Sed: ~ 7 h/day 
MVPA: ~ 90 min/day 
No difference between 3 & 4 y olds 
Yes NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Yamamoto et al. 
(2011) 
Germany ≥ 2 day (including 1 week 
& 1 weekend day) 
Mean: (3.8 day 
Mean weekend: 13.4 h/day 
week: 12.8 h/day
 
 
979,  
49% girls, 51% boys, 
3 - 6 y 
Girls: negative association between PA & age, 
suggesting younger girls more likely to engage in 
PA, PA had positive association with health; 
positive association with higher TV viewing. 
Positive association with higher parental PA. 
Boys: PA positively associated with desire to be 
active 
NA NA NA 
Accelerometer 
(Actical) 
       
Dolinsky et 
al.(2011) 
USA ≥ 3 day (including 2 week 
day & 1 weekend day) 
337 
142 girls, 195 boys, 
3.5 (1.1) y 
Sed: 6.1 h/day 
MVPA: 14.9 (9.5) min/day 
No NA NA 
Taylor et al. 
(2009) 
New 
Zealand 
Actical & parental report- 
questionnaire developed 
for study. 
Longitudinal study, 
baseline & annual follow 
up for 2 y  
5 consecutive day of 24 h 
accelerometry data 
collection 
 
244,  
44% female, 56% male, 
3, 4 & 5 y 
TPA: 3 y:81 (54) min/day; 4 y:72 (53) min/day; 
5y: 57 (39) min/day
 
Sed: 3 y:179 (92) min/day; 4y:178 (91) min/day; 
5 y:160 (74) min/day
 
MVPA 3 y:42 min/day; 4 y:16.5 min/day; 5 y: 22 
min/day
 
Declines with total PA (3 - 4 y,  p = 0.001 & 4 - 5 
y, p = 0.054) & MVPA with age. 
No difference between weekend day & weekday 
gender; or seasonality (p > 0.05); 
ST=90 min/day
 
Other sed activities = 70 - 90 min/day
 
No No Yes: ≤ 120 
min/day
 
 
No: ≥ 60 
min/day 
Accelerometer 
(Caltrac) 
       
Moore et al. 
(1995) 
USA Longitudinal study 6 
months apart  
5 day 
 
97, 
39 girls, 58 boys 
4.0 y at baseline 
10.9 (1.9) count/h;  
boys 11.3 (2.0); girls 10.3 (1.7) min/h; 
NA NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Sigmund et al. 
(2009) 
Czech 
Republic 
7 day Yamax SW-200 
pedometer 
176, 
84 girls, 92 boys 
Kindergarten:5.7 (0.5) y  
Elementary school: 6.7 
(0.5) y 
 
Week: Mean AEE girls: 11.5 kcal∙kg∙d-1, boys: 
12.9 kcal∙kg∙d-1 , Steps/day girls: 9923, boys: 
11864. 
Weekend: Mean AEE: girls:11.5 kcal∙kg∙d-1, 
boys: 12.7 kcal∙kg∙d-1, Steps/day girls: 10606, 
boys: 11182. 
No difference weekend/week 
10,000 steps 
– yes  
NA NA 
Accelerometer 
(RT3) 
       
Burdette et al. 
(2005) 
USA ≥ 3 day (including 1 
weekend day) 
 
250,  
107 girls, 143 boys 
29 - 52 month, 
44 months 
146 (113) min/day outdoor playtime – recall. 
Seasonal difference in proxy report not in 
accelerometry measures. 
No difference in outdoor play measures-recall 
667 (186) vector magnitude per minute  
Boys higher accelerometry measures (p < 0.01) 
113 (79) min/day watching TV or video 
NA NA No ≤ 60 
min/day
 
 
Yes ≤120 
min/day
 
 
Vásquez et al. 
(2006)  
Chile ≥ 3day (including 1 
weekend day) 
19, 
9 girls, 10 boys, 
3 - 5 y 
Sed/LPA: weekend: 52%; week:54%, day care: 
62%. 
MPA weekend: 3%, week: 4% 
NA NA NA 
Accelerometer 
(Actiwatch) 
       
Butte et al. 
(2007) 
USA 3 day 
24 h monitoring 
VO2peak ramp protocol 
HR>195 bpm or RQ>1.0 
maximal effort 
897, 
4 - 19 y 
10.8 (3.8) y 
Mean counts: 1410 (35) min/day 
Counts decreased with age (p = 0.001). Total 
counts higher in boys (p = 0.001) & non 
overweight children (p = 0.002) 
Fitness: VO2peak lower in overweight children & 
girls (p = 0.001), difference between overweight 
& non overweight boys 
NA NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Chen et al. 
(2002) 
Japan 3 day 
Actiwatch  
Calorie counter (measures 
step count, energy 
expenditure from PA, 
AEE, TEE, BMR. 
21, 
9 girls, 12 boys, 
3 - 4 y 
Mean activity counts: 404.5 (155.08) Boys & 
girls (p = 0.118). 
Steps: 12638 (2849) steps/day (p = 0.691) 
Gender difference for TEE (p < 0.01); No gender 
difference for AEE (p = 0.646) 
NA NA NA 
Finn and 
Ulmann (2004) 
USA 3 week day  
2 childcare centres 
VPA>250 counts/15 s 
28, 
16 girls, 12 boys, 
3 - 5 y 
VPA: cold months: 67.23 (21.65) min/day; warm 
months: 66.48 (25.29) min/day. No difference 
between different temperatures (cold & warm 
seasons). 
Yes NA NA 
Finn, 
Johannsen, 
Specker (2002)  
USA 2 day (48 h) 
≥ 24 h of data 
Actiwatch (Mini Mitter 
Co-biaxial 
CARS 
Validation with CARS 
with subgroup (n = 40) 
214, 
108 girls, 106 boys, 
3 - 5 y 
 
Mean daily counts (x10,000): girls: 26.3 (0.7); 
boys: 28.5 (0.8) (p = 0.03) counts/day. Daily 
counts between 9am - 5pm (%) girls: 53 (1.1)%, 
boys: 53.3 (1.1). Percentage time spent in 
vigorous activity: girls: 4.5 (0.2)%, boys: 5.2 (0.2) 
% (p = 0.02) 
Children born pre-term lower activity counts & 
less time in vigorous activity. 
NA NA NA 
Firrincieli et al. 
(2005) 
USA 6 - 7 day 54, 
33 girls, 21 boys, 
3 - 5 y 
10 min bouts of PA: asthmatic children: 1041 non 
asthmatic children: 1610, normalised over 7 day. 
NA NA NA 
Jackson et al. 
(2009) 
Scotland 7 day 
Doubly labeled water  
89,  
42 girls, 47 boys 
2 - 6 y 
442.4 (102.6) cpm
 
No difference between boys & girls 
Negative association between TV viewing & PA 
1.87 (0.99) h/day TV viewing  
TV viewing associated with greater levels of body 
fat 
TEE girls: 5850 (1523) boys: 6756 (1371) (p < 
0.05) 
NA NA No ≤60 mins 
Yes ≤120 mins 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Specker and 
Binkley (2003) 
USA 48 h at 0, 6 & 12 m 178, 
84 girls, 94 boys 
3 - 4 y 
Baseline: MPA: 12.1 - 14.0%, VPA: 4.5 - 5.4% 
of time. 
Av daily counts: 259 000 - 297 000 
NA NA NA 
Accelerometer 
(ActivTracer & 
Lifecorder) 
       
Tanaka & 
Tanaka (2009) 
Japan ≥ 3 day (including 1 
weekend day) analysed 
Uniaxial & triaxial 
accelerometers 
157, 
69 girls, 88 boys 
4 - 6 y 
5.9 (0.5) y 
ActivTracer (triaxial):MVPA: 102.0 (32.0) 
min/day; girls 88.8 (28.9); boys: 122.3 (30.7) 
min/day 
Difference between boys & girls (p < 0.05) 
MVPA ≥ 60 min/day = 92.4% of children 
Lifecorder (uniaxial): step counts: 13037 (2846), 
girls: 12255 (2823); boys: 13650 (2726). 
Difference between boys & girls (p < 0.05) 
Yes NA NA 
Accelerometer 
& Pedometers 
       
Cardon and De 
Bourdeaudhuij 
(2007) 
Belgium ≥ 4 day (including 2 
weekend day) Actigraph 
accelerometer 
Digiwalker pedometer & 
diaries 
122, 
63 girls, 59 boys 
4 - 5.9 y 
Actigraph with 76, 39 
girls, 37 boys 
4 - 5.9 y 
9980 step counts/day; 18.68 steps/min
 
60 min MVPA=13,874 step counts 
8% (n = 10) achieved ≥ 60 min MVPA per day 
Week activity higher than weekend (p < 0.001) 
No NA NA 
DO  
(OSRAP) 
       
Dowda et al. 
(2004) 
USA 1 h  
2 - 3 day 
266, 
140 girls, 126 boys 
3-5 y 
MVPA 27% of observed time NA NA NA 
Bower et al. 
(2008) 
USA 10,240 observations made 
over 2 day 
20 childcare centres 
3 - 5 y 
Sed (CARS 1 - 2): 55% ; MVPA: (CARS 4 - 5): 
12% 4 - 7% of time in MVPA. 
No likely NA NA 
DO (CARS) 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Baranowski et 
al. (1993) 
USA 5 - 6 h on ≥ 4 day 191, 
101 girls, 90 boys 
3 - 4 y 
Overall mean PA was low,  
Outdoor play associated with PA; gender; month 
& location 
Boys more active than girls 
NA NA NA 
DuRant et al. 
(1994) 
USA ≥ 4 day, 6 - 12 h/day 191, 
101 girls, 90 boys, 
3 - 4 y 
Mean PA highest during outdoor play, lowest 
during TV watching. 
NA NA NA 
Pedometry        
Kambas et al. 
(2012) 
Greece 7 consecutive day 
Omron walking style pro 
HJ-720IT-E2 
232, 
114 girls, 118 boys 
5 - 5.5y 
5.4 y 
Steps/day: 7676 (1893) 
Aerobic walk time: 12.8 (17.5) 
Aerobic steps/day: 1486 (1995) 
NA NA NA 
Duncan et al. 
(2008) 
New 
Zealand 
≥ 5 day (including 3 week 
day & 2 weekend day) 
Multiday memory (MDM) 
pedometer NL-2000 
Daily step count ≥ 30,000 
or ≤ 1000 were removed 
 
1115, 
579 girls, 536 boys,  
5 - 12 y 
Mean step counts week: Boys: 16,100; girls: 
14,200 
Mean step counts weekend: Boys: 12,900, girls: 
11,300 
Mean temperature +ve effect larger at weekends 
(26% more steps) for boys & moderate for week 
(11% more steps), trivial effect at weekends in 
girls , small effect on week (16% more steps) 
Yes > 
10,000 
steps/day 
NA NA 
Questionnaires
/proxy report 
       
Carson et al. 
(2010) 
Canada Children’s Leisure 
Activities Study Survey 
(CLASS) 
Winter: n = 260, 
Spring: n = 507,  
Summer: n = 684,  
Fall: n = 264,  
48.9% girls, 51.1 % boys 
4 - 5 y 
Active play: Winter: 180 min/week; Spring: 218 
min/week; Summer: 270 min./week, Fall: 197.5 
min/week  
TPA: Winter: 494.0 min/week; Spring: 540 
min/week; Summer: 600 min/week; Fall: 535 
min/week 
Difference in seasons for TPA (p < 0.001) Active 
play (p < 0.0001), week (p < 0.0001); weekend (p 
< 0.006) 
NA NA No 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Okley et al. 
(2009) 
Australia Physical activity & 
Exercise Questionnaire 
PAEC-Q 
 
266, 
126 girls, 140 boys,  
3.96 (0.76) y 
TPA week: 55.7% spent ≥ 3 h/day 
TPA weekend: 9.0 (3.3)% spent ≥ 3 h/day 
TV viewing: week: 3.0 (3.7)% ≤ 2 h/day 
TV viewing: weekend: 70.4 (4.0)% ≤ 2 h/day 
NA Yes Yes 
Cox et al. 
(2012) 
Australia Eating & Physical Activity 
Questionnaire Reported 
TV viewing 
135 
81 girls, 54 boys 
4.5 (0.8)y 
LPA: 57.5 (37.4) min/day  
MVPA: 104.1 (60.4) min/day 
TV viewing: TV: 90.7 (50.7) min/day 
Yes No No ≥ 60min/day 
Yes ≤ 120 
min/day 
Combined 
Heart Rate and 
Accelerometry 
Actiheart 
       
Collings et 
al.(2013) 
England 7 day 24 h wear 
 
398 
196 girls, 202 boys 
Median (IQR): 
 4.1 (0.08) y 
LPA: 432.6 (63.0) min/day 
MVPA: 84.7 (46.4) min/day 
Sed: 329.3 (72.7) min/day 
 
Yes Yes  NA 
Heart Rate        
Benham-Deal 
(2005) 
USA Polar Vantage XL heart 
watch 
HR monitor for 12 h 
≥ 3 day (including 1 
weekend day) 
60 s 
Intensity: 
Low: <129 bpm or <65% 
max HR 
Moderate: 130 - 159 bpm 
or 65 - 75% max HR 
High: >160bpm or >75% 
max HR 
39 
20 girls, 19 boys, 
3 - 5 y 
4.3 (0.7) y 
 
No difference weekend & week 
Episodes lasted 5 - 10 mins: 85% of on week 
76% on weekend. 
≥ 60 min/day MVPA week: 71% weekend: 46%  
Yes on week 
day  
No on 
weekend day 
NA NA 
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Measurement 
approach  
Author  
Country Measurement Protocol No. participants (n), 
gender, age range, 
mean (SD) 
Key findings 
Unless stated figures are the mean (SD) 
≥ 60 
min/day 
MVPA 
≥180 
min/day 
TPA 
≤60 min/day or 
≤120 min/day 
of ST 
Jago et al. 
(2005) 
USA HR min by min 
6 - 12 h/day
 
4 day at baseline 
3 day at year 2 & 3 
149 at baseline, followed 
for 3 y 
3 - 4 y 
149, y 1 
147 y 2 
138 y 3 
Year 1: Sed: 52.9 min/h; MVPA 7.6 min/h; TV 
viewing: 9.7 min/h
 
Year 2: Sed: 37.0 min/h MVPA 5.2 min/h; TV 
viewing: 10.4 min/h
 
Year 3: Sed: 35.9 min/h; MVPA 5.8 min/day; TV 
viewing: 11.9 min/h
 
Sed in year 1 predicted TPA in year 2 & 3. 
Yes likely NA No likely < 60 
min/day  
Sallo et al. 
(1997) 
Estonia Whole day heart rate (HR) 
monitoring 
≥ 4 day 
Mean wear time 10.5 h 
54, 
29 girls, 25 boys, 
4 - 8 y 
7.0 (0.9) y 
No difference in week & weekend in TPA or % 
time HR within ranges (119 - 139 bpm, 140 - 157 
bpm, >157 bpm) seen in subsample (n = 22, 12 
girls, 10 boys) 
86% of girls & 84% boys had 5 - 9 min of 
sustained MVPA (HR ≥ 139bpm) 
17% girls, 20% boys had ≥ 20 min of sustained 
MVPA (HR ≥ 139bpm) 
NA NA NA 
AEE: Activity energy expenditure; BMR: basal metabolic rate; bpm: beats per minute; HR: heart rate; LPA: light physical activity; MVPA: moderate-
to-vigorous physical activity; NA: not available; PA: physical activity; RCT: randomised controlled trial; ST: screen time; TEE: total energy 
expenditure; TPA: total physical activity;; VPA; vigorous physical activity; VVPA: very vigorous physical activity; cpm: counts per minute. 
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APPENDIX II: Ethical approval, information sheets, consent forms, CARS 
reliability and mechanical calibration studies 
 
: Ethical approval from Queen Margaret University College ethics Appendix II a
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: Permission from Edinburgh City Council to access Nurseries Appendix II b
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: Information sheet for parents and carers Appendix II c
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: Consent form for parents and carers Appendix II d
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: Information pamphlet for parent’s to read to children Appendix II e
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: Assent form for parents and carers to read to children Appendix II f
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: CARS activities  Appendix II g
Appendix Table II.i: Summary of description of activities and CARS codes adapted from Puhl et al. (1990) 
CARS level & definition Activities 
Level 1: 
Stationary/Motionless 
(resting/motionless for 3s or more, head, 
finger, or foot movement only 
1. Sleeping 
2. Lying, standing, sitting, squatting, and kneeling 
3. Floating motionless in the water 
4. Riding in a wagon 
Level 2: 
Stationary/Movement of Limb(s) or 
Trunk (very easy) (arm, trunk and/or leg 
movements without moving the entire 
body from one place to another 
1. Standing, sitting, squatting, and kneeling with limb or trunk movement (swinging, swaying, bending, twisting, kicking, striking, 
throwing, digging in the sand, pantomiming song) 
2. Going down a slide (requires some balance and body control) 
3.  Hanging or partial hanging, leaning (on fence, pole, etc.) 
4. Light calisthenics, involving swinging, twisting, and stretching while seated or standing (trunk twist, arm circles, leg swings, side 
bending, toe touching done in an easy manner) 
5. Add-on rule: Standing motionless (1) + supporting a moderately heavy object (1) = 2 
Level 3: 
Translocation (slow/easy) (moving body 
from one location to another) 
1. Walk/Run 
 walking at a leisurely or moderate pace (1 - 3 mph) 
 marching, skipping, hopping, jumping, crawling, rolling (slowly) 
 marching in one place (same as marching with translocation) 
2. Rollers and Wheels 
 cycling 
 skate boarding 
 roller/ice skating 
 scooter 
3. Swimming 
 swimming with support 
4. Calisthenics 
 sit-ups 
 push-ups 
5. Climbing/Sliding 
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CARS level & definition Activities 
 swinging on a swing (maintaining momentum) 
6. Tumbling 
 tumbling/wrestling (easy) 
7. Add-on-rule examples: 
 going down a slide (Level 2) and pushing self (+1) = 3 
 other stationary calisthenics (Level 2) requiring moderate effort (+1) = 3 (such as continuous up and down 
movements at a moderate pace) 
Level 4:  
Translocation (medium speed/moderate) 
(moving from one location to another) 
1. Walk/Run 
 walking very fast (3+ mph) 
 very slow jog (i.e., very slow run) 
 continuous skipping, hopping, jumping, leaping, crawling 
 walking up stairs 
 walking up hill 
2. Rollers/Wheels 
 cycling 
 roller/ice skating 
 skate board 
 scooter 
3. Swimming 
 swimming with minimal support 
 swimming very slowly without support 
 treading water 
4. Calisthenics 
 moderate vigorous exercises 
5. Climbing/Sliding 
 climbing monkey bars, fence, etc. 
 climbing up a slide backwards 
 hanging by arms from a bar with legs swinging 
 climbing over and under bars 
6. Tumbling 
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CARS level & definition Activities 
 forward rolls, backward rolls (sequence of three or more) 
 tumbling/wrestling, (moderate) 
 cartwheels, in a sequence of three or more 
 jumping on a trampoline 
7. Add-on-rule examples 
 walking (Level 3) + carrying, pushing, or pulling a large or heavy object (such as pushing a merry-go-round while 
walking) (+1) = 4 
 walking up hill or stairs (Level 3 + 1) = 4 
 swinging (Level 3) + vigorous movement or gaining momentum (+1) = 4 
Level 5:  
Translocation (fast or very fast/hard) 
(moving body from one location to 
another) 
1. Walk/Run 
 running or jogging (fast or very fast) 
 climbing stairs fast or climbing using arms 
 walking up steep grades 
 fast skipping 
 rope jumping 
2. Rollers/Wheels 
 cycling 
 skate boarding 
 roller/ice skating 
 scooter 
3. Swimming 
 without support 
4. Calisthenics 
 pull-up, push-up 
 jumping jacks 
 squat thrusts 
 continuous jumping, kicking, swinging from arms (e.g. traveling with alternating hand grasp on overhead ladder) 
5. Climbing/Sliding 
 Swinging from arms (e.g. travelling with alternating hand grasp on overhead ladder) 
6. Tumbling 
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CARS level & definition Activities 
 tumbling skills in sequence 
 wrestling 
 gymnastics and apparatus 
7. Add-on-rule examples 
 walking (Level 3) while carrying a very heavy object or a person (+2) = 5 
 jogging (Level 4) + pushing a merry-go-round (+1) = 5 
CARS: Children’s Activity Rating Scale (Puhl et al., 1990) 
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: Reliability of CARS Appendix II h
 
Equation II i: 95% Confidence interval of mean difference 
                 
 
Equation II ii: Calculation of the Standard Error (SE) 
   (      ) √  
 
Appendix Table II.ii: Mean difference in CARS and 95% confidence interval between tests. 
 
 
 
 
 
 
 
 
 
 
Appendix Table II.iii: ICC values with 95% Confidence Intervals (CI) 
Participant ICC 95% CI 
1 0.96 0.91 to 0.98 
2 0.72 0.43 to 0.86 
3 0.92 0.83 to 0.96 
4 0.93 0.86 to 0.95 
5 0.83 0.69 to 0.90 
6 0.92 0.83 to 0.96 
  
Participant Mean difference (đ) in CARS 
1 0.09 (-0.20 to 1.14) 
2 -0.21 (-0.91 to 0.48) 
3 0.33 (-0.34 to 0.99) 
4 -0.08 (-0.74 to 0.58) 
5 0.03 (-0.40 to 0.46) 
6 0.33 (-0.51 to 1.17) 
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: Mechanical calibration studies of accelerometers Appendix II i
Calibration equipment 
A mechanical set up was constructed based on a calibration unit developed by Brage et al. 
(2003). This consisted of two larger (77 mm diameter) lateral wheels and a smaller central 
wheel (44mm diameter) which was driven by a motor.  The wheels were connected by a 
horizontally placed linkage bar which could be attached in two positions which would allow 
for the radius positions for the lateral wheels of 25 mm (Appendix Figure II.i). 
 
Appendix Figure II.i: Mechanical calibration unit. 
 
  
The accelerometers were fixed in position on top of the connecting linkage bar along their x 
axis.  A maximum of six GT1M/7164 or four RT3 units could be positioned on the 
connecting linkage bar allowing the accelerometers to be tested simultaneously in batches of 
either four or six.  Rotation of the wheels caused the connecting linkage bar to move the 
accelerometers through a sinusoidal motion along two axes (anteroposterior and 
mediolateral) providing acceleration on each of these axis.  The central wheel was driven by 
a motor fed by a power supply (Farnell UK Limited, Leeds, UK).  Changes in the frequency 
of movement of the wheels, and thus the connecting linkage bar, was achieved by altering 
the voltage output from the power supply.  An incremental increase in 0.25V from the power 
supply resulted in an average incremental increase in frequency of 0.2 Hz.  The range of 
frequencies ranged from 0.5 Hz to 3.3 Hz.  This meant that by using the different frequencies 
the accelerometers could be subjected to a total of 14 different acceleration settings. 
 
The average acceleration (ā) produced by the mechanical set-up during testing was 
calculated using the equation (Equation II: iii) outlined in the study by Brage et al. (2003), 
where acceleration is a function of radius (r) and frequency (f) of oscillation.  
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Equation II iii: Calculation of average acceleration sinusoidal oscillator. 
           
 (Brage et al. 2003) 
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: Calibration test 1: Position test Appendix II j
Aim 
The aim of this study was to determine if there was uniformity of motion between the 
different locations on the mechanical set up. 
 
Method 
To determine if there was uniformity of motion between the different locations on the 
connecting linkage bar the accelerometers were tested in each of the six test positions. 
Initially, ten GT1M accelerometers were available for testing however one accelerometer 
was excluded prior to data collection as it was found to be faulty and not charging.  Nine 
GT1M accelerometers were tested three times in each of the six possible positions along the 
horizontal linkage at a low (1 Hz) and high frequency (3Hz) using the radius setting of 25 
mm.  This corresponded to peak acceleration at 1.06 m·s
-2
 and 9.59 m·s
-2 
and average 
acceleration of 0.63 m·s
-2
 and 5.65 m·s
-2
. 
 
The mechanical unit was set to run for one minute pre-test and testing took place for each 
frequency for three minutes.  The middle 2 minutes for each set of data collected was used 
for analysis, so that the first and last 30 seconds were excluded from analysis.  A one minute 
interval was taken between test change in frequency and position.  The accelerometers were 
set to record data in 1-s epochs. 
 
A repeated measures ANOVA was carried out to test whether there was a significant 
difference between the output of the accelerometers in the different positions on the 
connecting linkage bar.  A repeated measures ANOVA depends on the assumption of 
sphericity, which refers to the equality of variance of the difference between ‘treatment’ 
conditions (Field 2012), which in the current study refers to the variance of difference in 
accelerometry output in counts per second between the six positions on the mechanical 
set-up. 
 
The mean score (SD) for each monitor was calculated at 1 Hz and 3 Hz.  The ICC and 95% 
CI was calculated to determine whether the activity scores were consisted between tests. 
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Results  
The mean (SD) of the counts/second of the accelerometers are presented in Appendix Table 
II.iv.  
 
Appendix Table II.iv: Mean (SD) of counts/second for GT1M accelerometers during 
mechanical calibration. 
Frequency Position 1 Position 2 Position 3 Position 4 Position 5 Position 6 
3 Hz 4830.52 
(87.34) 
4848.73 
(93.61) 
4889.95 
(131.29) 
4818.88 
(225.91) 
4818.09 
(242.18) 
4813.40 
(219.15) 
1 Hz 1030.07 
(432.23) 
1021.97 
(398.14) 
840.14 
(222.23) 
929.07 
(425.22) 
1037 
(375.15) 
1008.88 
(438.85) 
 
At 3 Hz the Mauchley’s test indicated that the assumption of sphericity had been violated 
(χ2 (14) = 26.20, p < 0.05); therefore the degrees of freedom were corrected using 
Greenhouse-Geisser estimates of sphericity (є = 0.42) giving a more conservative measure of 
the F-ratio. The results suggested that the counts per second were not significantly affected 
by the position of the accelerometer on the horizontal linkage bar, F (2.10,12.58) = 0.57, p > 
0.59, ω2 = 0.01.  The F-ratio (F), which is a measure of the ratio of variation explained by 
the model with the variation explained by systematic factors, while the effect size (ω2) is the 
magnitude of the observed effect (Field 2012). 
 
At 1 Hz the Mauchley’s test suggested that sphericity had been not been violated (χ2(14) = 
5.71, p > 0.98).  With sphericity assumed therefore the results suggest that counts per second 
were not significantly affected by the position of the accelerometer on the horizontal linkage 
bar, F (5,30) = 0.26, p > 0.93 ω2=0.02. 
 
The average ICC value was 0.93 which together with the 95% CI (0.79 to 0.99) being close 
to 1 suggested ‘excellent’ agreement between the units. 
 
Discussion and conclusion 
At both 3 Hz and 1 Hz, the repeated measures ANOVA revealed no significant location 
effect between the different positions on the mechanical set up. The F-value value was < 1, 
which suggests that the unsystematic ratio was greater, and therefore there was more 
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unsystematic variation than systematic variation, i.e. the experimental effect, in this case the 
effect of position.  This allows for the accelerometers to be evaluated in the subsequent 
experiments without the results being influenced by systematic experimental effect from the 
mechanical set up. 
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: Calibration test 2: Intra-unit and inter model reliability of RT3, GT1M, Appendix II k
7164 
Aim 
The aim of this study was to assess the intra-unit reliability of each of the individual 
accelerometers and to assesses the inter model reliability of the accelerometer of the same 
model. This was undertaken pre-field data collection and post-field data collection for 
studies in Chapters four to seven. 
 
Method 
To test for intra-unit agreement nine GT1M, eight 7164 accelerometers and ten RT3 
accelerometers were tested.  The GT1M and 7164 were tested in batches of six, while the 
slightly larger and heavier RT3 was tested in batches of four.  Batches of accelerometers of 
the same model were tested three times at three different frequencies using 25 mm radius 
setting: 1 Hz, 2 Hz and 3 Hz.  The accelerometers were therefore subjected to 1.5, 4.3 and 
9.6 m·s
-2 
of peak acceleration respectively and 0.63, 2.51 and 5.65 m·s
-2
 of average 
acceleration.  Each test lasted 5 minutes and the GT1M and 7164 accelerometers were set to 
record acceleration in 1-s epochs.  The RT3 was set to record at 1-s epochs on Vector 
Magnitude mode (VM) which combines counts from three axes.  
 
Similar to other studies (Rothney et al. 2008) the accelerometers were positioned along their 
sensitive axis, so that the GT1M and 7164 were position along their x-axis and the RT3 
positioned so that they were oscillated in an anteroposterior direction along their x-axis and a 
mediolateral direction along their y-axis (Esliger and Tremblay 2006).  
 
The data were transferred into an Excel spreadsheet then exported to SPSS (version 15.0) for 
analysis.  The first and last minutes of data were excluded so that the middle 3 minutes of 
data were used.  To determine intra-unit variability the standard error of measurement (SEM) 
and coefficient of variation (CV) were calculated for each of the frequencies.  To calculate 
the CV, the standard deviations of the means were divided by the corresponding unit means 
(Equation II iii).  
 
Equation II iii: Calculation of coefficient of variation. 
      (
  
 ̅
) 
(Munro 2001) 
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To determine the inter-model variability between like-model accelerometers (e.g. between 
the GT1M units, the 7164 units and between the RT3 units), the CV% was calculated and 
plotted to allow comparison between the inter-unit reliability of the different models.  An 
ICC with a two-way random effects model (3,1) together with 95% CI was also calculated 
using SPSS as recommended Batterham et al. (2000).  
 
Results 
During the field data collection, one of the RT3 accelerometers stopped charging and had to 
be excluded from the research.  Ten RT3s were therefore tested pre-field data collection and 
nine were tested post-field data collection.  Two 7164 failed during calibration testing (data 
output was 0) and both were excluded from the analysis.  Six 7164 were included in the 
pre-and post-field data collection tests.  Nine GT1M accelerometers were tested in the 
pre- and post-field data collection. 
 
A summary of the results of the intra-unit variability for the GT1M, 7164, and RT3 
accelerometers, pre- and post-field data collection are presented in Appendix Table II.v, 
Appendix Table II.vi and Appendix Table II.vii respectively. Appendix Table II.viii presents 
the mean (CV)% for the different models of accelerometer. 
 
Appendix Table II.v: Intra-unit reliability GT1M. 
 Pre: SEM Pre: CV% Post: SEM Post: CV% 
GT1M: 1 0.23 0.73 0.38 1.72 
GT1M: 2 0.06 0.82 0.19 1.62 
GT1M: 3 0.16 0.72 0.27 1.49 
GT1M: 4 0.05 0.56 0.31 1.34 
GT1M: 5 0.16 0.59 0.17 1.11 
GT1M: 6 0.26 0.93 0.27 1.90 
GT1M: 7 0.08 0.45 0.31 1.44 
GT1M: 8 0.08 0.60 0.29 1.56 
GT1M: 9 0.07 0.56 0.66 1.97 
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Appendix Table II.vi: Intra-unit reliability 7164. 
 Pre: SEM Pre: CV% Post: SEM Post: CV% 
7164: 1 1.37 6.41 0.64 4.65 
7164: 2 1.97 7.70 0.59 4.54 
7164: 3 2.12 8.76 0.54 4.58 
7164: 4 2.61 8.64 0.71 5.04 
7164: 5 3.11 9.61 0.53 4.63 
7164: 6 2.43 8.58 0.55 5.07 
 
Appendix Table II.vii: Intra-unit reliability RT3. 
 Pre: SEM Pre: CV% Post: SEM Post: CV% 
RT3: 1 1.42 5.66 1.61 8.05 
RT3: 2 1.94 5.90 1.30 2.61 
RT3: 3 1.50 4.33 1.67 7.21 
RT3: 4 1.73 4.78 N/A N/A 
RT3: 5 0.95 3.91 1.50 4.40 
RT3: 6 0.92 5.70 1.30 5.44 
RT3: 7 1.07 5.17 1.70 5.09 
RT3: 8 1.64 5.81 0.70 5.52 
RT3: 9 0.93 4.95 1.44 5.42 
RT3: 10  1.11 5.70 1.20  5.60 
 
Appendix Table II.viii: The intra-unit reliability of individual accelerometers by model 
pre- and post-field data collection. 
 Mean CV (%) with range 
Accelerometry model Pre Post 
RT3  5.19 (3.95 - 5.99) 5.93 (2.89 - 9.58) 
GT1M 0.66 (0.45 - 0.82) 1.57 (0.36 - 3.38) 
7164  8.28 (8.28 - 9.6) 4.75 (4.54 - 5.06) 
CV coefficient of variation. 
 
Appendix Table II.ix presents a summary of the mean the inter-unit reliability of the 
different accelerometers of the same model, comparing pre- and post-field data collection. 
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Appendix Table II.ix: The inter-unit reliability of different accelerometers of the same 
models pre- and post-field data collection  
 Mean CV (%) with range 
Accelerometry model Pre  Post 
RT3  7.79 (4.24 - 11.97) 14.14 (4.84 - 23.56) 
GT1M  3.29 (1.91 - 4.89) 2.39 (1.94 - 2.89) 
7164  9.2 (8.63 - 10.85) 6.53 (5.75 - 7.97) 
 
Appendix Figure II.ii presents the plots of the CV% for each of the accelerometer models at 
each of the frequencies (converted to average acceleration) to allow visual cross comparison 
of the inter-unit of the different models during pre- and post-field data collection. 
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Appendix Figure II.ii: Inter-monitor coefficient of variability (CV)% for the RT3, 
GT1M and 7164 pre-data collection. 
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Figure II:c: Inter-monitor coefficient of variability (CV)% for the RT3, GT1M and 
7164 post field data collection. 
 
Appendix Table II.x presents the results of the ICC for inter-model reliability between 
accelerometers of the same model. 
 
Appendix Table II.x: Interclass correlation coefficient (ICC) between units of the same 
model pre- and post-field data collection. 
 ICC (95% Confidence Interval) 
Accelerometer model Pre Post 
RT3 0.98 (0.97 - 0.99) 1.00 (0.99 - 1.00) 
GT1M 0.99 (0.97 - 0.99) 0.99 (0.98 - 0.99) 
7164 0.99 (0.95 - 1.00) 1.00 (0.99 - 1.00) 
 
Discussion 
The results suggested that the GT1M models had good intra-unit reliability of individual 
accelerometers as well as good inter-unit reliability between accelerometers of the same 
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model with ICCs that were very close to 1 (perfect agreement).  The RT3 and 7164 both had 
higher CV values, particularly at lower accelerations in comparison to the GT1M 
accelerometer. These findings are similar to the values reported in other mechanical 
calibration studies (Rothney et al. 2008).  The CV% values and the ICC values were similar 
both pre-and post-data collection.  
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: Calibration test 3: Comparison between 7164, GT1M and RT3 Appendix II l
 
Aim 
The aim of this final calibration study was to compare different models of accelerometers 
during mechanical calibration. 
 
Method 
To compare accelerometer models the RT3, GT1M and 7164 were simultaneously oscillated 
on the calibration unit subjecting them to 14 accelerations between 0.5 to 3.3 Hz in average 
increments of 0.2 Hz. This corresponds to average acceleration ranging from 0.6 to 5.65 
m·s
2
.  Each test lasted 5 minutes and accelerometers were set to record acceleration in one 
second epochs.  The middle 3 minutes of data was used for analysis.  The mean of the two 
accelerometers of each model was plotted. Accelerometers were set to collect data in 1-s 
epochs. 
 
The mean counts per second for each frequency were calculated and plotted to allow visual 
comparison between the accelerometer models.  
 
Results  
Appendix Figure II.iii: presents the mean counts per second at each acceleration. 
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Discussion 
The 7164 and the GT1M accelerometer had similar responses to increasing acceleration and 
the non-linear response of the accelerometers at higher accelerations has been reported in 
earlier mechanical calibration studies (Brage et al. 2003).  The levelling off of the output at 
higher accelerations is thought to be an artefact of the internal filter within the 
accelerometers which the manufacturers have developed to detect human movement and 
exclude motion from other sources (Manufacturing Technology Inc. 2001).  
  
Appendix Figure II.iii: comparison of counts per second between 
accelerometry models. 
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: Synchronisation of GT1M accelerometers  Appendix II m
 
Example of raw count data from mechanical calibration illustrating the start and finish 
times of the mechanical calibration set-up against the data collected by GT1M 
Appendix Table II.xi) and 7164 (Appendix Table II.xii) accelerometers 
 
Highlighted in yellow is the time the mechanical unit was started or stopped this was 
synchronised with the PC.  Highlighted in grey are the start and finish times for the 
GT1M/7164 accelerometers which were also synchronised with the same PC.  There were 
six GT1M units (GT1M-1 to GT1M-6) and six 7164 units (7164-1 to 7164-6).  
 
Appendix Table II.xi: Mechanical calibration of the GT1M. 
Time GT1M-1 GT1M-2 GT1M-3 GT1M-4 GT1M-5 GT1M-6 
Calibration unit 
started/stopped: 
time synced 
with PC 
10:30:01 0 0 60 32 46 34 START 
10:30:02 60 35 49 54 54 49 
 10:30:03 44 49 48 48 50 50 
 10:30:04 43 57 50 46 49 51 
 10:30:05 55 53 55 47 55 45 
 10:30:06 52 48 51 54 45 51 
 10:30:07 51 51 47 51 47 52 
 10:30:08 52 58 52 54 47 51 
 10:30:09 49 49 50 51 54 52 
 10:30:10 55 45 49 54 46 46 
 10:30:11 46 54 50 50 42 57 
 10:30:12 47 54 55 45 46 51 
 10:30:13 53 47 48 47 51 44 
 10:30:14 56 49 48 52 48 45 
 10:30:15 45 51 44 49 52 53 
 Data continues to be collected in 1-s epochs 
10:32:30 50 48 50 47 49 56 
 10:32:31 48 53 54 49 48 49 
 10:32:32 51 58 57 52 55 43 
 10:32:33 54 51 53 55 47 44 
 10:32:34 54 48 44 48 45 52 
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10:32:35 53 53 50 44 46 42 
 10:32:36 46 54 55 47 50 43 
 10:32:37 52 57 60 49 51 45 
 10:32:38 54 50 49 49 42 54 
 10:32:39 57 48 49 47 45 53 
 10:32:40 49 51 55 45 52 48 
 10:32:41 50 50 52 53 54 48 
 10:32:42 53 4 16 50 50 55 
 10:32:43 48 0 0 51 45 59 
 10:32:44 0 0 0 47 21 44 
 10:32:45 0 0 0 42 0 1 
 10:32:46 0 0 0 1 0 0 
 10:32:47 0 0 0 0 0 0 
 10:32:48 0 0 0 0 0 0 
 10:32:49 0 0 0 0 0 0 
 10:32:50 0 0 0 0 0 0 
 10:32:51 0 0 0 0 0 0 
 10:32:52 0 0 0 0 0 0 
 10:32:53 0 0 0 0 0 0 
 10:32:54 0 0 0 0 0 0 
 10:32:55 0 0 0 0 0 0 
 10:32:56 0 0 0 0 0 0 
 10:32:57 0 0 0 0 0 0 
 10:32:58 0 0 0 0 0 0 
 10:32:59 0 0 0 0 0 0 
 10:33:00 0 0 0 0 0 0 STOP 
10:33:01 0 0 0 0 0 0 
 10:33:02 0 0 0 0 0 0 
 10:33:03 0 0 0 0 0 0 
 10:33:04 0 0 0 0 0 0 
 10:33:05 0 0 0 0 0 0 
 10:33:06 0 0 0 0 0 0 
 10:33:07 0 0 0 0 0 0 
 10:33:08 0 0 0 0 0 0 
 10:33:09 0 0 0 0 0 0 
 10:33:10 0 0 0 0 0 0 
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10:33:11 0 12 0 0 0 0 
 10:33:12 0 51 38 0 0 0 
 10:33:13 7 37 46 0 0 0 
 10:33:14 45 14 5 0 28 4 
 10:33:15 39 10 36 10 48 51 
 10:33:16 12 15 13 48 27 39 
 10:33:17 24 14 16 27 21 21 
 10:33:18 17 22 14 19 19 33 
 10:33:19 14 15 18 28 17 18 
 10:33:20 17 17 15 20 12 13 
 10:33:21 15 17 15 15 24 25 
 10:33:22 16 28 15 19 12 19 
 10:33:23 21 19 17 19 17 20 
 10:33:24 20 14 23 16 15 15 
 10:33:25 18 12 24 16 15 19 
 10:33:26 16 14 24 18 15 16 
 10:33:27 16 16 19 22 12 19 
 10:33:28 19 22 13 22 13 18 
 10:33:29 19 21 24 13 13 18 
 10:33:30 17 18 29 22 19 20 START 
10:33:31 19 18 16 16 16 14 
 10:33:32 14 13 19 16 18 19 
 10:33:33 14 20 13 19 17 17 
 10:33:34 13 20 11 18 17 16 
 10:33:35 22 14 14 19 15 21 
 10:33:36 22 10 21 20 16 19 
 10:33:37 20 13 22 13 22 25 
 10:33:38 19 15 23 18 12 18 
 10:33:39 17 18 17 16 13 15 
 10:33:40 17 17 17 21 15 17 
 10:33:41 17 21 15 18 7 19 
 10:33:42 17 19 21 16 16 15 
 10:33:43 20 16 19 10 17 21 
 10:33:44 21 16 18 14 15 16 
 10:33:45 17 21 16 14 11 16 
 Data continues to be collected in 1-s epochs 
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10:36:00 16 16 17 20 12 16 
 10:36:01 16 16 18 20 19 19 
 10:36:02 16 11 22 20 17 17 
 10:36:03 21 22 21 16 20 20 
 10:36:04 16 18 25 16 20 18 
 10:36:05 12 20 16 21 17 19 
 10:36:06 13 18 17 20 12 13 
 10:36:07 21 15 11 17 18 15 
 10:36:08 18 20 15 17 13 21 
 10:36:09 25 19 11 17 19 20 
 10:36:10 23 13 15 17 15 19 
 10:36:11 16 14 19 18 18 11 
 10:36:12 10 0 0 19 16 13 
 10:36:13 16 0 0 22 16 18 
 10:36:14 0 0 0 27 4 17 
 10:36:15 0 0 0 9 0 0 
 10:36:16 0 0 0 0 0 0 
 10:36:17 0 0 0 0 0 0 
 10:36:18 0 0 0 0 0 0 
 10:36:19 0 0 0 0 0 0 
 10:36:20 0 0 0 0 0 0 
 10:36:21 0 0 0 0 0 0 
 10:36:22 0 0 0 0 0 0 
 10:36:23 0 0 0 0 0 0 
 10:36:24 0 0 0 0 0 0 
 10:36:25 0 0 0 0 0 0 
 10:36:26 0 0 0 0 0 0 
 10:36:27 0 0 0 0 0 0 
 10:36:28 0 0 0 0 0 0 
 10:36:29 0 0 0 0 0 0 
 10:36:30 0 0 0 0 0 0 STOP 
10:36:31 0 0 0 0 0 0 
 10:36:32 0 0 0 0 0 0 
 10:36:33 0 0 0 0 0 0 
 10:36:34 0 0 0 0 0 0 
 10:36:35 0 0 0 0 0 0 
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10:36:36 0 0 0 0 0 0 
 10:36:37 0 0 0 0 0 0 
 10:36:38 0 0 0 0 0 0 
 10:36:39 0 0 0 0 0 0 
 10:36:40 0 0 0 0 0 0 
 10:36:41 0 0 0 0 0 0 
 10:36:42 0 17 3 0 0 0 
 10:36:43 0 21 17 0 0 0 
 10:36:44 9 19 17 0 2 0 
 10:36:45 18 13 16 0 18 11 
 10:36:46 19 8 24 7 14 24 
 10:36:47 19 19 12 15 14 17 
 10:36:48 17 24 13 20 9 13 
 10:36:49 20 19 15 14 1 19 
 10:36:50 24 13 16 12 17 28 
 10:36:51 26 12 19 9 18 21 
 10:36:52 15 16 17 16 17 17 
 10:36:53 10 18 13 20 13 16 
 10:36:54 18 17 20 20 15 16 
 10:36:55 19 14 22 17 17 17 
 10:36:56 24 12 21 10 15 14 
 10:36:57 21 10 28 11 14 17 
 10:36:58 12 15 19 13 16 18 
 10:36:59 14 17 13 15 12 18 
 10:37:00 17 18 18 20 12 16 START 
10:37:01 21 15 14 19 17 25 
 10:37:02 21 14 24 15 18 22 
 10:37:03 12 12 21 14 17 21 
 10:37:04 11 16 17 17 11 16 
 10:37:05 16 14 12 21 6 14 
 10:37:06 17 22 18 20 13 14 
 10:37:07 21 14 18 18 15 16 
 10:37:08 15 15 22 12 19 15 
 10:37:09 16 16 16 15 15 13 
 10:37:10 16 14 15 20 16 15 
 10:37:11 18 19 16 20 16 13 
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10:37:12 17 19 18 18 16 19 
 10:37:13 23 19 13 14 18 17 
   
  
313 
 
Appendix Table II.xii: Mechanical calibration of the 7164 
 
7164-1 7164-2 7164-3 7164-4 7164-5 7164-6 
 12:00:01 81 82 79 94 99 89 START 
12:00:02 72 81 78 94 101 88 
 12:00:03 74 84 76 90 92 80 
 12:00:04 80 76 71 86 92 85 
 12:00:05 77 77 79 95 100 90 
 12:00:06 76 85 77 95 99 88 
 12:00:07 70 82 78 94 100 88 
 12:00:08 76 81 74 87 91 81 
 12:00:09 78 75 72 86 94 84 
 12:00:10 79 77 76 92 101 90 
 12:00:11 79 83 75 94 98 88 
 12:00:12 71 80 78 95 100 90 
 12:00:13 75 83 76 91 91 81 
 12:00:14 78 75 70 86 92 84 
 12:00:15 76 75 77 91 102 89 
 Data continues to be collected in 1-s epochs 
12:04:45 75 80 71 87 96 84 
 12:04:46 72 83 73 92 92 81 
 12:04:47 72 82 73 94 99 88 
 12:04:48 78 75 81 92 104 90 
 12:04:49 79 77 79 88 95 83 
 12:04:50 75 79 71 85 95 85 
 12:04:51 73 84 72 93 94 81 
 12:04:52 71 79 73 98 101 88 
 12:04:53 77 73 79 88 102 91 
 12:04:54 81 76 77 87 96 84 
 12:04:55 75 77 72 88 95 84 
 12:04:56 72 84 73 92 93 82 
 12:04:57 73 80 73 94 99 88 
 12:04:58 78 74 81 93 104 91 
 12:04:59 77 77 77 89 95 83 
 12:05:00 28 21 61 21 42 39 STOP  
12:05:01 0 0 8 0 0 0 
 12:05:02 0 0 0 0 0 0 
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12:05:03 0 0 0 0 0 0 
 12:05:04 0 0 0 0 0 0 
 12:05:05 0 0 0 0 0 0 
 12:05:06 0 0 0 0 0 0 
 12:05:07 0 0 0 0 0 0 
 12:05:08 0 0 0 0 0 0 
 12:05:09 0 0 0 0 0 0 
 12:05:10 0 0 0 0 0 0 
 12:05:11 0 0 0 0 0 0 
 12:05:12 0 0 0 0 0 0 
 12:05:13 0 0 0 0 0 0 
 12:05:14 0 0 0 0 0 0 
 12:05:15 0 0 0 0 0 0 
 Data continues to be collected in 1-s epochs 
12:05:45 0 0 0 0 0 0 
 12:05:46 0 0 0 0 0 0 
 12:05:47 0 0 0 0 0 0 
 12:05:48 0 0 0 0 0 0 
 12:05:49 0 0 0 0 0 0 
 12:05:50 0 0 0 0 0 0 
 12:05:51 0 0 0 0 0 0 
 12:05:52 0 0 0 0 0 0 
 12:05:53 0 0 0 0 0 0 
 12:05:54 0 0 0 0 0 0 
 12:05:55 0 0 0 0 0 0 
 12:05:56 0 0 0 0 0 0 
 12:05:57 0 0 0 0 0 0 
 12:05:58 0 0 0 0 0 0 
 12:05:59 14 15 0 16 7 7 
 12:06:00 81 88 40 97 96 87 START 
12:06:01 75 81 82 90 98 86 
 12:06:02 74 83 73 92 95 82 
 12:06:03 74 82 74 94 98 88 
 12:06:04 74 77 78 93 101 88 
 12:06:05 73 78 76 92 100 88 
 12:06:06 77 76 79 88 100 88 
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12:06:07 79 76 77 87 97 86 
 12:06:08 78 77 75 89 95 85 
 12:06:09 77 77 74 93 95 83 
 12:06:10 75 78 73 90 96 85 
 12:06:11 73 79 75 89 97 87 
 12:06:12 73 80 74 89 96 83 
 12:06:13 74 80 75 94 96 84 
 12:06:14 74 81 74 91 99 89 
 12:06:15 72 79 77 93 100 89 
 Data continues to be collected in 1-s epochs 
12:10:45 80 81 72 88 92 84 
 12:10:46 73 83 74 88 94 82 
 12:10:47 72 74 73 96 103 91 
 12:10:48 76 76 81 88 104 89 
 12:10:49 80 80 73 87 94 82 
 12:10:50 70 84 72 91 93 81 
 12:10:51 72 76 75 96 102 93 
 12:10:52 79 74 78 87 104 89 
 12:10:53 80 81 73 85 93 82 
 12:10:54 74 84 71 91 91 83 
 12:10:55 70 71 78 96 104 93 
 12:10:56 80 76 80 83 96 83 
 12:10:57 76 84 71 87 95 84 
 12:10:58 71 82 72 94 93 84 
 12:10:59 76 71 79 82 101 90 
 12:11:00 19 14 59 19 35 30 STOP 
12:11:01 0 0 4 0 0 0 
 12:11:02 0 0 0 0 0 0 
 12:11:03 0 0 0 0 0 0 
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APPENDIX III: Results of the normality tests Chapter 3 
 
Appendix Table III.i: Results of the normality tests: Chapter 3. 
Variable df Shapiro-Wilks test 
(n<50) statistic 
p-value 
Sed 15-s epoch 32 0.96 0.00 
Sed 30-s epoch 32 0.97 0.00 
Sed 60-s epoch 32 0.97 0.00 
MPA 15-s epoch 32 0.90 0.00 
MPA 30-s epoch 32 0.88 0.00 
MPA 60-s epoch 32 0.84 0.00 
VPA 15-s epoch 32 0.73 0.00 
VPA 30-s epoch 32 0.60 0.00 
VPA 60-s epoch 32 0.46 0.00 
MVPA 15-s epoch 32 0.91 0.00 
MVPA 30-s epoch 32 0.88 0.00 
MVPA 60-s epoch 32 0.85 0.00 
df: degrees of freedom; MPA: moderate physical activity; MVPA: moderate-to-vigorous 
physical activity; Sed: Sedentary behaviour; TPA: total physical activity; VPA: vigorous 
physical activity.  
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APPENDIX IV: Results of the normality tests Chapter 4 
 
Appendix Table IV.i: Results of the normality tests Chapter 4. 
Variable df Shapiro-Wilks test 
(n<50) statistic 
p-value 
Sed 1-s epoch 31 0.85 0.001 
Sed 5-s epoch 31 0.83 0.001 
Sed 15-s epoch 31 0.83 0.001 
Sed 30-s epoch 31 0.81 0.001 
Sed 60-s epoch 31 0.81 0.001 
LPA 1-s epoch 31 0.89 0.004 
LPA 5-s epoch 31 0.95 0.134 
LPA 15-s epoch 31 0.98 0.736 
LPA 30-s epoch 31 0.97 0.621 
LPA 60-s epoch 31 0.96 0.212 
VPA 1-s epoch 31 0.93 0.041 
VPA 5-s epoch 31 0.82 0.001 
VPA 15-s epoch 31 0.62 0.001 
VPA 30-s epoch 31 0.53 0.001 
VPA 60-s epoch 31 0.47 0.001 
MVPA 1-s epoch 31 0.73 0.001 
MVPA 5-s epoch 31 0.71 0.001 
MVPA 15-s epoch 31 0.71 0.001 
MVPA 30-s epoch 31 0.71 0.001 
MVPA 60-s epoch 31 0.62 0.001 
TPA 1-s epoch 31 0.82 0.001 
TPA 5-s epoch 31 0.86 0.001 
TPA 15-s epoch 31 0.89 0.004 
TPA 30-s epoch 31 0.88 0.002 
TPA 60-s epoch 31 0.91 0.012 
df: degrees of freedom; LPA: light physical activity; MVPA: moderate-to-vigorous physical 
activity; Sed: Sedentary behaviour; TPA: total physical activity VPA: vigorous physical 
activity.  
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APPENDIX V: Results of the normality tests Chapter 5 
 
Appendix Table V.i: Results of the normality tests Chapter 5. 
Variable df Shapiro-Wilks (n<50) 
test 
p-value 
RT3 cpm 31 0.95 0.146 
GT1M cpm 31 0.98 0.687 
RT3 MVPA
vh
 31 0.87 0.002 
RT3 MVPA
ro
  31 0.87 0.001 
RT3
WR
 MVPA 31 0.82 0.001 
RT3 
LJ
 MVPA  31 0.73 0.00 
RT3 MVPA  31 0.82 0.00 
GT1M MVPA
ev
 31 0.88 0.002 
GT1M MVPA
f
 31 0.91 0.012 
GT1M MVPA
pa
 31 0.89 0.005 
GT1M MVPA
pu
  31 0.91 0.012 
GT1M MVPA
s
  31 0.71 0.001 
GT1M MVPA
va
 31 0.87 0.001 
Ch: Chu et al. (2007); df: degrees of freedom; ev: Evenson et al. (2008); f: Freedson et al. 
(1997); MVPA: moderate-to-vigorous physical activity; pa: Pate et al. (2006); pu: Puyau et 
al. (2002); ro: Rowlands et al. (2004); s: Sirard et al. (2005); RT3 
LJ
: light jog; RT3
WR
 
walking relaxed; vh: Vanhelst et al. (2010a); va: Van Cauwenberghe et al. (2011)   
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APPENDIX VI: Results of the normality tests Chapter 6 
 
Appendix Table VI.i: Results of the normality tests Chapter 6. 
Variable df Shapiro-Wilks 
(n<50) test 
p-value 
Total mins 31 0.891 0.004 
RT3 cpm 31 0.95 0.15 
GT1M cpm 31 0.98 0.69 
Sed
va
  31 0.82 0.00 
Sed
pu
 31 0.76 0.00 
Seds  31 0.83 0.00 
Sed
r
  31 0.79 0.00 
Sed
ev
  31 0.72 0.00 
LPA
va
  31 0.96 0.23 
LPA
pu
 31 0.93 0.03 
LPA
s
 31 0.98 0.74 
MVPA
va
 31 0.87 0.001 
MVPA
pa
 31 0.89 0.005 
MVPA
pu
  31 0.91 0.012 
MVPA
s
  31 0.71 0.00 
TPA
pu
  31 0.91 0.011 
TPA
s
  31 0.89 0.004 
TPA
va
  31 0.92 0.008 
TPA CARS 31 0.90 0.006 
df: degrees of freedom; ev: Evenson et al. (2008); MVPA: moderate-to-vigorous physical 
activity; pa: Pate et al. (2006); pu: Puyau et al. (2002); r: Reilly et al. (2003); s: Sirard et 
al. (2005); va: Van Cauwenberghe et al. (2011).  
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Appendix Table VI.ii: Results of the Wilcoxon signed rank test. z-scores and effect size 
(r) 
    
 z-score p-value ES (r) 
Sed
pu
 versus CARS -0.4 0.7 -0.05 
Sed
s
 versus CARS -4.9 0.00* -0.6 
Sed
r 
versus CARS -2.5 0.01 -0.3 
Sed
ev
 versus CARS -4.8 0.00* -0.6 
Sed
va 
versus CARS -4.5 0.00* -0.6 
Light
pu
 versus CARS -2.3 0.02 -0.3 
Light
s
 versus CARS -4.5 0.02 -0.6 
Light
va
 versus -4.9 0.00* -0.6 
MVPA
pu 
versus CARS -1.9 0.05 -0.2 
MVPA
s
 versus CARS  -1.3 0.2 -0.2 
MVPA
va
 versus CARS -3.6 0.00* -0.5 
MVPA
pa
 versus CARS -4.8 0.00* -0.6 
ES: effect size; p: level of significance; * p <0.01; CARS: Children’s Activity Rating Scale, 
MVPA: moderate-to-vigorous activity. s: Sirard et al. (2005); pu: Puyau et al. (2002); va: 
Van Cauwenberghe et al. (2011), r: Reilly et al. (2003), ev: Evenson et al. (2008), pa: Pate 
et al. (2006). 
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APPENDIX VII: Results of the normality tests Chapter 7 
 
Appendix Table VII.i: Results of the normality tests Chapter 7. 
Variable df Shapiro-Wilks 
(n<50) test 
p-value 
7164 cpm 23 0.96 0.534 
GT1M cpm 23 0.83 0.001 
GT1M Sed
va
 23 0.99 0.998 
GT1M Sed
pu 
 23 0.96 0.56 
GT1M Sed
s
  23 0.99 0.999 
7164 Sed
va
 23 0.94 0.143 
7164 Sed
pu
 23 0.98 0.928 
7164 Sed
s
 23 0.98 0.248 
7164 Sed
ev
 23 0.83 0.001 
GT1M LPA
va
 23 0.94 0.143 
GT1M LPA
pu
 23 0.91 0.03* 
GT1M LPA
s
 23 0.95 0.29 
7164 LPA
va
 23 0.94 0.204 
7164 LPA
pu
 23 0.84 0.002* 
7164 LPA
s
 23 0.90 0.020* 
GT1M MVPA
va
 23 0.95 0.257 
GT1M: MVPA
pu
 23 0.89 0.014* 
GT1M: MVPA
s
 23 0.92 0.080 
GT1M MVPA
pa
 23 0.93 0.104 
7164 MVPA
va
 23 0.89 0.019* 
7164 MVPA
pu
 23 0.90 0.026* 
7164 MVPA
s
 23 0.88 0.009* 
7164 MVPA
pa
 23 0.97 0.600 
GT1M TPA
va
 23 0.96 0.404 
GT1M TPA
pu
 23 0.92 0.067 
GT1M TPA
s
 23 0.95 0.32 
GT1M TPA
ev
 23 0.90 0.024 
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7164TPA
va
 23 0.93 0.123 
7164: TPA
pu
 23 0.95 0.24 
7164: TPA
s
 23 0.94 0.22 
7164: TPA
ev
 23 0.91 0.039 
GT1M TPA
ev-corr
 23 0.90 0.024 
GT1M: Sed
s-corr
 23 0.99 0.99 
GT1M: Sed
pu-corr
 23 0.96 0.515 
GT1M: LPA
s-corr
 23 0.95 0.292 
GT1M: LPA
pu-corr
 23 0.97 0.583 
GT1M: MVPA
s-corr
 23 0.92 0.080 
GT1M: MVPA
pu-corr
 23 0.89 0.014 
GT1M: TPA
s-corr
 23 0.95 0.320 
GT1M: TPA
s-corr
 23 0.95 0.26 
CARS Sed 23 0.99 0.99 
CARS: LPA 23 0.92 0.077 
CARS: MVPA 23 0.92 0.069 
CARS: TPA 23 0.92 0.075 
CARS: Children’s Activity Rating Scale; corr: GT1M data corrected GT1M/0.91; df: degrees 
of freedom; ev: Evenson et al. (2008); LPA: light physical activity; MVPA: moderate-to-
vigorous physical activity; pa: Pate et al. (2006); pu: Puyau et al. (2002); r: Reilly et al. 
(2003); s: Sirard et al. (2005); Sed: sedentary behaviour; TPA: total physical activity; va: 
Van Cauwenberghe et al. (2011)  
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Appendix Figure VII.i: Scatter plot of the GT1M cpm and the 7164 cpm during free-
living (n=23) 
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APPENDIX VIII: Output from MAHUffe programme and results of normality 
tests Chapter 8 
 
 
 
Appendix Figure VIII.i: Output from MAHUffe programme with cpm < 20,000; left hand 
column presents the cpm. 
Appendix Figure VIII.ii: Output from MAHUffe programme with cpm > 20,000; left hand 
column presents cpm. Suggesting errors with the activity the monitor. 
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Appendix Table VIII.i: Results of the normality tests Chapter 8. 
Variable df Kolmogorov-
Smirnov (n>50) 
statistic 
p-value 
Registered wear time (weekend and 
weekdays) 
112 0.096 0.013* 
Registered time (weekdays) 112 0.115 0.001* 
Registered time (weekend days) 103 0.059 0.200
 a
 
Hours of wear time (weekend days) 201 0.094 0.001* 
Hours of wear time (weekdays) 542 0.207 0.001* 
cpm week days 103 0.104 0.008* 
cpm weekend days 103 0.113 0.002* 
cpm weekdays, males 60 0.150 0.002* 
cpm weekend days, males 55 0.113 0.076 
cpm weekdays, females 52 0.099 0.200
a
 
cpm weekend days, females 48 0.174 0.001* 
% time TPA weekdays 3 h 107 0.068 0.200
 a
 
% time TPA weekdays 4 h 107 0.076 0.157 
% time TPA weekdays 5 h 104 0.078 0.134 
% time TPA weekdays 6 h 103 0.078 0.130 
% time TPA weekdays 7 h 102 0.086 0.058 
% time TPA weekdays 8 h 100 0.079 0.127 
% time TPA weekdays 9 h 98 0.086 0.072 
% time TPA weekdays 10 h 78 0.101 0.047 
% time TPA weekend days 3 h  80 0.099 0.049 
% time TPA weekend days 4 h 80 0.088 0.194 
% time TPA weekend days 5 h 79 0.097 0.065 
% time TPA weekend days 6 h 80 0.100 0.046 
% time TPA weekend days 7 h 79 0.085 0.200
a
 
% time TPA weekend days 8 h 77 0.079 0.200
a
 
% time TPA weekend days 9 h 70 0.079 0.200
a
 
% time TPA weekend days 10 h 58 0.091 0.200
a
 
cpm: counts per minute; TPA: total physical activity 
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APPENDIX IX: Results of the normality tests Chapter 9 
 
Appendix Table IX.i: Results of the normality tests Chapter 9. 
Variable df Kolmogorov-
Smirnov (n>50) 
test 
p-value 
Sed
ev
 104 0.099 0.013 
Sed
pu
 104 0.071 .200 
Sed
s
 104 0.061 .200 
TPA
ev
 104 0.039 .200 
TPA
pu
 104 0.063 .200 
TPA
s
 104 0.048 .200 
df: degrees of freedom; ev: Evenson et al. (2008); pu: Puyau et al. (2002); r: Reilly et al. 
(2003); Sed: sedentary behaviour; s: Sirard et al. (2005); TPA: total physical activity. 
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APPENDIX X: Publications arising from this thesis 
